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STUDIES ON DEGENERATION OF MYELIN SHEATHS OF 
NERVES CAUSED BY LONG-ACTING LOCAL ANAESTHETICS 
INJECTED SUBCUTANEOUSLY INTO GUINEA PIGS! 


MADELAINE O. MAYKUT 


Abstract 


An investigation was undertaken to study the neurological changes induced 
by preparations of long-acting local anaesthetics and their components on 
cutaneous nerves, following a subcutaneous injection into the backs of guinea 
pigs. Some of the materials tested caused generalized inflammatory reactions 
in the skin and subcutaneous tissue but little specific injury to the nerves; 
others caused greater degrees of nerve injury, with little inflammatory reaction. 
In other words, the nerve injury was not due simply-to inflammation. Two 
kinds of nerve injury are apparent: (a) edema, and (’) destruction with Wallerian 
degeneration, with or without edema. The rate of nerve regeneration appears 
to determine the duration of anaesthesia, only a few fibers being necessary for 
the return of sensation. The materials which tend to approach the ideal long- 
acting local anaesthetic are procaine amide, procaine-nembutal combination 
product, procaine base, and cyclaine. 


Introduction 


Our previous studies (1, 2) on long-acting local anaesthetics have shown 
that the prolonged duration of action appeared to be associated with tissue 
damage produced by some of the ingredients in the commercial preparations 
other than the anaesthetic substances present. Since few data are available 
on the neurological changes induced by most of the so-called long-lasting 
local anaesthetic preparations, the effect of these agents and their components 
on the histological appearance of cutaneous nerves following a subcutaneous 
injection was studied. The cutaneous nerves in the backs of guinea pigs 
were suitable for this study because they are of small diameter; it is generally 
accepted that the nerves of smallest diameter are the first to be blocked by 
local anaesthetics (3, 4, 5). It was decided to remove skin sections after 
10 days because it was hoped that any damage occurring would then be at 
its peak. Previous experience had shown that at 29 days most of the sections 
showed recovery and any change that might have occurred would not be 
apparent. This decision was also influenced by the fact that Swank (6) 
estimated 6-7 days for full development of Wallerian degeneration after 
nerve section. 


1Manuscript received November 18, 1957. 

Contribution from the Department of Pharmacology, University of Toronto, Toronto, 
Ontario. The data included herein were taken partly from a thesis submitted in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy, University of Toronto, 
May 1957. 
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Method 


The long-acting anaesthetic preparations, as well as other materials tested, 
are listed in Table I. 

White guinea pigs weighing 400 to 500 g. were used, four to six for each 
preparation. The backs of these animals were shaved and used for sub- 
cutaneous injections of the various preparations of local anaesthetics and 
their components. The amount injected was 2 ml. of a solution or a sus- 
pension. Injections were made close to the mid-line of the back. 

A strip of skin (2 cm. long, 3 mm. wide) including the full thickness down 
to the muscle was removed 10 days after the subcutaneous injection of each 
preparation. These longitudinal pieces of skin, parallel to the mid-line, 
were removed from the central part of the injected areas. In this way por- 
tions of several nerves would be removed from an area in which it was fairly 
certain that the preparation had infiltrated. The Marchi method of staining 
(7) by which the degenerating myelin is stained black was employed. Cross 
sections of these skin preparations showed usually one to eight nerves. In 
sections where several nerves could be observed, the damage varied in severity. 
Similar strips of skin were fixed in formol—saline using general tissue stains 
for comparative studies of nerve and tissue reaction. The degree of nerve 
degeneration and tissue reaction were assessed by Dr. S. Hartroft and Dr. 
S. Bensley, after they had studied several sections from each block of tissue. 


Results 
Observations of nerve degeneration in skin sections removed 10 days 


after subcutaneous injections of the test materials are presented in Table II. 


TABLE II 


HISTOLOGICAL STUDIES OF NERVE TISSUE* 











Material injected subcutaneously Degree of nerve degeneration 
Procaine base 2% Nil (Fig. 1) 
Cyclaine 1% + procaine base 1% Nil 
Aluminum hydroxide 2% Nil 
Merthiolate 1:5000 Borderline 
Cyclaine 1% Slight (Fig. 2) 
Procaine-nembutal complex 1.75% Slight 
Diothane hydrochloride 1% Slight 
Proctocaine Slight 
Dolamine Slight 
Propylene glycol 78% Slight—moderate 
Analcaine Moderate (Fig. 3) 
Benzyl alcohol 5% Moderate 
Efocaine Moderate 
Ammonium sulphate 1% Moderate 


Butesin 5% 
Procaine amide 2% 
Duracaine 


Moderate—severe 
Severe (Fig. 4) 
Severe 





*As reported by Dr. S. Bensley. 
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The figures shown represent the typical appearance of nerve degeneration 
indicated as slight, moderate, or severe myelin degeneration. Fig. 1 illus- 
trates a skin section in which no change was evident in the nerve fibers. 
A bit of black deposit may be noted in Fig. 2 and is classified as a slight degree 
of degeneration. Moderate damage to nerves is shown in Fig. 3, as seen by 
the amount of black deposit and by the edema of the nerves and sheaths. 
The amount of black precipitate in Fig. 4 is considerable and indicates severe 
nerve degeneration. 

In a single instance mild edema of myelin occurred but no true degeneration 
was evident. This was classified as a borderline case. 


Discussion 


Oily anaesthetic solutions were first used in 1926 to prolong the effect of 
procaine; these induced only minimal tissue changes after intramuscular 
and subcutaneous injections (8). Damage to nerves (9) by infiltration with 
oily solutions led to Wallerian degeneration of nerve fibers which resulted 
in persistent paralysis. When benzyl alcohol was incorporated into these 
preparations differences in opinion as to the extent of damage to the nerves 
soon appeared (10, 11). Phenol as such was found to be quite destructive 
to nerve tissue (12, 13). While early investigators favored Efocaine as a 
satisfactory long-lasting local anaesthetic preparation, later investigators 
drew attention to the onset of neuritis, inflammatory reactions, and disap- 
pearance of nerve function; death of some patients was reported following 
clinical use of this material (14, 15, 16, 17). When Efocaine and its compon- 
ents (see Table I) were investigated by other workers (18, 19) similar obser- 
vations to those found in this laboratory were reported. All investigations 
on Efocaine show that long-lasting anaesthesia is due to nerve destruction. 


TABLE III 


COMPARISON OF NERVE AND GENERAL TISSUE DAMAGE IN GUINEA PIGS 








Apparent dur. of 








anaesth. upon subcut. Nerve General tissue 
Material inject. (1, 2), days degeneration reaction (1, 2) 
Analcaine 18-22 Moderate Severe 
Efocaine 9-22 Moderate Severe 
Propylene glycol 78% 15+ Slight—moderate Severe 
Diothane hydrochloride 1% 14-16 Slight-severe Moderate-severe 
Procaine amide 2% 8-12 Moderate-severe Slight-moderate 
Benzy] alcohol 5% 5-12 Moderate—severe Severe 
Proctocaine 8 Slight Severe 
Duracaine 1-8 Severe Moderate 
Butesin 5% 4 Moderate—severe Moderate 
Cyclaine 1% + Nil-slight with Slight—severe 
edema 
Procaine base 2% 2-4 Slight Slight-severe 
Cyclaine 1% + procaine base 1% 3 Very slight Slight 
Procaine—nembutal 1.75% 2 —— with marked Moderate—severe 
edema 
Dolamine 1 Slight Slight 
Procaine hydrochloride 2% 0.1 Nil 
Ammonium sulphate 1% 0 Moderate Moderate 
Merthiolate 1:5000 0 Borderline Slight 
Aluminum hydroxide 2% 0 Slight with some Severe 
(Hypersensitive) edema 
Benzyl alcohol 5% in almond oil Severe 


(Hypersensitive) 
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Table III includes the results on the apparent duration of anaesthesia 
and general tissue damage reported in earlier papers (1, 2) together with 
results on nerve damage presented in this paper. The long-acting local 
anaesthetics cause both generalized tissue damage and specific damage to 
nerves. The two types of injury are not always present proportionally. 
The severity of the damage appears to be determined largely by components 
other than the local anaesthetic present in the commercial preparations. 
The duration of anaesthesia depends on the rate of regeneration of the de- 
generated nerves; however, sensation may return before all degenerated 
fibers have regenerated. The rate of cutaneous nerve regeneration which 
governs the return of sensation in the skin differs from that of subcutaneous 
nerves. 

Where general tissue damage occurs the nerve damage may be secondary 
to the resultant inflammatory reaction, which could produce persisting 
pressure on the nerve fibers. Two kinds of nerve injury are apparent: (a) 
edema and (6) actual destruction with Wallerian degeneration, with or 
without edema. This difference in nerve damage raises an interesting 
question—whether edema, which is related to general tissue reaction, can 
interfere with nerve conduction, or whether it is necessary to produce Wal- 
lerian degeneration which is independent of general tissue inflammation. 
Wallerian degeneration seems to be responsible for the longer duration of 
anaesthesia produced ; edema does not give rise to such a prolonged anaesthetic 
effect but perhaps the anaesthesia obtained may be of sufficient duration for 
practical purposes. The duration of anaesthesia found with the procaine— 
nembutal complex could be due to the slow release and absorption of the 
procaine. It could be this slow release of minute quantities of procaine which 
produces a continued edema in the nerve tissue rather than Wallerian degen- 
eration. In instances where general tissue damage is followed by scar tissue, 
it is known that this scar tissue may hinder or prevent nerve regeneration (20). — 

The preparations with exceedingly long periods of action of 8 days or more 
damaged the tissues extensively. Diothane hydrochloride is usually employed 
topically since it causes severe tissue destruction upon injection. Procaine 
amide may prove to be useful where damage of a nerve may be desired, as 
in cases of intractable pain, without causing other tissue damage to any 
appreciable extent. Based on a comparison of duration of action and tissue 
damage produced by the various materials studied, the procaine-nembutal 
combination product, procaine base, and cyclaine appear to have the desirable 
property of prolonging anaesthetic action with only minimal nerve destruc- 
tion and moderate damage to other tissues. 

These studies show that the prolonged action of some local anaesthetics 
is accompanied by destruction of nerve and other tissues. The degree of 
destruction varies considerably among the preparations and materials tested, 
some causing greater general tissue damage whereas others caused greater 
specific nerve degeneration. Procaine amide, procaine-nembutal combination 
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product, procaine base, and cyclaine all caused some general tissue and 
specific nerve damage, and tended to approach the ideal long-acting local 
anaesthetic. 
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Fic. 1. Procaine base 2%: normal; X500. Fic. 2. Cyclaine 1%: slight degeneration; 
x<500. Fic. 3. Analcaine: moderate degeneration; X500. Fic. 4. Procaine amide: severe 
degeneration; 500. 
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LINGCOD MUSCLE PURINE NUCLEOSIDE PHOSPHORYLASE! 
H. LL. A. Taek 


Abstract 


A purine nucleoside phosphorylase enzyme preparation, which catalyzed the 
eneral reaction ribose(deoxyribose)1-phosphate+purine=purine nucleoside 
Ti onmmeciendies +-ontenbastintn, was isolated from muscles of the lingcod 
(Ophiodon elongatus). The reaction was found to be about 85% in favor of 
nucleoside synthesis with 10 uM./ml. concentrations of reactants in the hypo- 
xanthine-inosine system. With similar concentrations of reactants in the gua- 
nine-guanosine system the equilibrium was about 75% in favor of nucleoside 
synthesis, and with considerably higher concentrations of reactants in this system 
this percentage decreased markedly... Purified preparations were stable for over a 
year at —20° C., contained two major protein components (zone electrophoresis 
and ultracentrifuge data), were rather heat labile, and possessed a maximum 
activity corresponding to liberation of 32 uM. orthophosphate/mg. protein 
N/hour. Evidenceisgiveninsupport of the view thata singleenzymeis responsible 
for the above reaction and that it possesses strict specificity for a-D-ribofuranose 
1-phosphate and deoxyribose 1-phosphate. Of a large number of substituted 
purines investigated, only the following were active: hypoxanthine, xanthine, 
6-mercaptopurine, 6-methylpurine, 8-azaguanine, guanine, adenine, and 2,6- 
diaminopurine. Methods are given for the preparation, in good yield, of analy- 
tically pure dicyclohexylammonium salts of ribose 1-phosphate and deoxyribose 
1-phosphate. 


Introduction 


During an investigation of the riboside hydrolase enzymes of the muscles 
of Pacific lingcod (Ophiodon elongatus) (1) it was noticed that alcohol extracts 
of the tissues, when submitted to paper chromatography under appropriate 
conditions, contained small amounts of a substance with. properties similar to 
those of ribose 1-phosphate. Subsequent experiments have shown that the 
muscles of this fish possess a purine nucleoside phosphorylase enzyme. Since 
initial brief communications concerning this enzyme were published (2, 3), 
it has been shown elsewhere that a guanosine phosphorylase is present in the 
skin of the roach (Leucisus rutilus Lin.) (4). No information has been given - 
regarding the substrate specificity of this enzyme. 


Materials 


The following substances were obtained from the sources indicated: adenine, 
guanine hydrochloride, xanthine, hypoxanthine, guanosine, xanthosine, deoxy- 
guanosine (Schwarz Laboratories, Mount Vernon, N.Y.); 2-aminopurine, 
2-mercaptopurine, 2-oxypurine, 2-thioguanine, 6-methylpurine, 2-thio-6-oxy- 
8-azapurine, 4-amino-5-imidazolecarboxamide, 2,6,8-trioxypurine (uric acid), 
deoxyadenosine, crystalline 2-p-deoxyribose and its anilide (California Founda- 
tion for Biochemical Research, Los Angeles, California); purine, isoguanine- 
sulphate, 8-azaguanine, 8-azaxanthine, 8-chloroxanthine, uracil, ribose (Nutri- 
tional Biochemicals Corporation, Cleveland, Ohio); cytosine, 6-mercapto- 

1Manuscript received January 15, 1958. 


Contribution from the Fisheries Research Board of Canada, Technological Station, Van- 
couver, B.C. 


Can. J. Biochem. Physiol. 36 (1958) 
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purine (Sigma Chemical Company, St. Louis, Missouri); 2,6-diaminopurine 
(General Biochemicals, Laboratory Park, Chagrin Falls, Ohio). 

Synthetic a- and 6-p-ribofuranose 1-phosphates (5, 6) and D-arabinose 1- 
phosphate (mixture of a@ and 8 isomers) were kindly supplied as their barium 
or dicyclohexylammonium salts by Drs. H. G. Khorana, G. M. Tener, and 
R. S. Wright of the British Columbia Research Council. The preparation of 
natural a@-D-ribofuranose 1-phosphate (R1-P) and deoxyribose 1-phosphate 
(DR1-P) is described later. Before conducting enzyme experiments barium 
was removed from solutions of the barium salts by treatment with a little 
Dowex 50 resin in the ammonium cycle. For most experiments the dicyclo- 
hexylammonium salts were used. The Dowex 1X10 and Dowex 508 ion 
exchange resins employed were 200—400 mesh analytical grades obtained from 
the California Foundation for Biochemical Research. The XE 64 grade of 
the cation exchange resin Amberlite IRC-50 was purchased from Rohm and 
Haas, Philadelphia 5, Pennsylvania. 


Methods and Preparations 


Paper Electrophoresis 
The technique employed was similar to that used in previous work (1) 


except that the concentration of stained protein was determined directly by 
means of a Photovolt densitometer. 


Paper Chromatography 

The following solvent systems were used with Whatman No. 1 paper: (a) 
8 hours ascending development at 0° C. with u-butanol — glacial acetic acid — 
water (1:1:0.5, by volume) (1); (0) 15 hours descending development at 
room temperature (20—23 °C.) with n-propanol — 28% ammonium hydroxide 
— water (6:3:1, by volume) (7). Ribose and deoxyribose and their mono- 
phosphate esters were identified by means of the aniline hydrogen phthalate 
reagent of Partridge (8) containing 0.5 ml. of concentrated HCI per 100 ml. (1). 
The molybdic acid spraying reagent of Hanes and Isherwood (7) was employed 
for detection of orthophosphate (Pj). 

In initial work the concentration of R1-P in enzyme mixtures was determined 
by quantitative paper chromatography using solvent (a) in a method similar 
to that used previously for determination of ribose (9). It was found that 
comparatively high concentrations of this ester were required (5 to 20 yg. 
applied in 5 wl. amounts; OD range 0.2 to 0.5 at 400 my). 

Ribose was determined by the method of Meijabaum (10). Deoxyribose 
was determined by the quantitative Dische diphenylamine reaction as modified 
by Racker (11), spectrophotometric readings being made at 610 my. It was 
found that crystalline 2-D-deoxyribose, its anilide, and purified dicyclohexyl- 
ammonium deoxyribose 1-phosphate (DCHDR 1-P) all gave identical results, 
as based on their deoxyribose content, with this procedure. Protein nitrogen 
was determined by the method of Kingsley (12). The method of Friedkin (13) 
was used for determination of P; in the presence of the very labile ester, 





TARR: PURINE NUCLEOSIDE PHOSPHORYLASE 519 


DR1-P. In this procedure, aliquots of the enzyme reaction mixtures were 
suitably diluted and centrifuged to clarify them in order to avoid protein 
precipitation when determining the concentration of precipitated magnesium 
ammonium phosphate by the Gomori (14) method. The method of Lowry 
and Lopez (15) was used to determine P; in presence of R1-P; the 0.125 M 
pH 4.0 acetate buffer employed contained 0.05 wM./ml. of CuSO, (16). In 
this procedure interference of protein was eliminated by chilling the samples 
to 0° C., adding the reagents at this temperature, and promptly centrifuging 
them at 8000 g before making the spectrophotometric determinations. R1-P 
phosphorus was determined as that labile in 0.5 N HCl in 10 minutes at 
26° C. (17). 


Preparation of Enzyme 


Muscle of lingcod in strictly fresh condition, and usually in rigor mortis, 
was used. Satisfactory preparations were obtained from fish which had been 
frozen and stored for over a year at —20°C. All procedures, unless otherwise 
stated, were conducted at 0° to 3°C. The muscle was blended for about 1 
minute with three volumes of water and sufficient 1 N HCl to adjust the mix- 
ture to pH 6.0. Insoluble protein was removed by centrifuging 45 minutes 
at 2500 g. The supernatant liquid was filtered through glass wool to remove 
floating particles, and the filtrate made 60% saturated with ammonium sul- 
phate at pH 7.0. The precipitate, collected by centrifuging as above, was 
suspended in a small amount of water and dialyzed 2 to 3 hours against running 
water (4° to 8° C.) and finally against successive changes of demineralized 
water until practically free from ammonium sulphate. . The resulting crude 
preparations contained 3 to 7.5 mg./ml. of protein N. They proved satis- 
factory for preparation of R1-P, DR1-P (see below), and deoxyribose 1,5- 
diphosphate (18). 

The crude preparations were purified as follows: Amberlite XE 64 cation 
exchange resin was prepared and conditioned either by the method of Hirs, - 
Moore, and Stein (19), or that of Boardman and Partridge (20). The columns 
used were 5.3 cm. in diameter and contained a coarse sintered glass disk covered 
with a layer of fine glass wool. They were filled to a height of approximately 
20 cm. with resin equilibrated with 0.2 M phosphate buffer pH 5.5. Denatured 
protein was removed from crude enzyme preparations by centrifuging 10 
minutes at 25,000 g, and from 100 to 200 ml. (500 to 1800 mg. of protein N) 
was placed on a resin column and eluted, usually under slight pressure (about 
10 cm. of Hg) with phosphate buffer similar to that used to condition the resin. 
Tests showed that nucleoside phosphorylase activity, as determined by forma- 
tion of R1i-P from guanosine (Fig. 1) closely paralleled the protein concentra- 
tion in fractions collected from the columns. The protein-containing fractions 
were pooled (0.11 to 0.5 mg./ml. protein N), adjusted to pH 6.8, dialyzed 
against 0.5 M NaCl until free from Pj, freeze-dried at about 10 yw pressure 
until they contained between 0.5 and 2.0 mg./ml. of protein N, and stored at 
—20°C. Table I shows that the resin purification step removed 93% to 
96% of the protein from the crude preparations. 
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Fic. 1. Protein nitrogen content (@ 





@) and phosphorylase activity (X 





x) 
of 5 ml. fractions of nucleoside phosphorylase from an XE 64 cation exchange resin column. 
The phosphorylase activity was determined by incubating small aliquots of the fractions 
at pH 7.2 and 37° C. for 2.5 hours in presence of 10 uM./ml. each of guanosine and Pi. 
The R1-P content was determined by quantitative paper chromatography. 


TABLE I 


REMOVAL OF PROTEIN FROM CRUDE NUCLEOSIDE PHOSPHORYLASE BY 
PASSAGE THROUGH AMBERLITE XE 64 RESIN pH 5.5 











MI. crude Mg. protein MI. eluate Mg. protein % protein 
enzyme applied applied collected in eluate removed by resin 
220 1620 280 104 93.5 
200 1400 260 101 92.8 
135 505 166 23:2 95.5 
100 650 235 26.1 96.0 





The comparative activity of several crude and purified preparations, certain 
of which had been stored for between 1 and 2 years at about —20° C., was 
determined. The preparations were diluted with 0.05 M veronal buffer pH 
7.4, so that they contained very different protein concentrations. Tubes 
containing 0.5 ml. portions of the various enzymes and 10 uM./ml. each of 
R1-P and hypoxanthine were incubated at 37° C., development of P; being 
followed at 30-, 60-, and 120-minute intervals using 30 ul. aliquots. The rate 
of P; formation was approximately linear under these conditions. The results 
(Fig. 2) show that the purified preparations were about three times as active 
on a protein basis as the crude preparations. Since about 5% of the total 
protein of the crude preparations was recovered after the resin treatment, 
the loss of over-all activity in this purification procedure was about 75%. The 
data from Fig. 2 indicate that the activity of the purified preparations is 32.3 
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Fic. 2. Orthophosphate liberation from R1i-P in presence of hypoxanthine by 


different concentrations of crude (X xX) and purified (@e——e) nucleoside 
phosphorylase. 





uM. P;/mg. protein N/hour. When four purified preparations made from 
fresh, or from frozen fish stored over a year at —20° C., were similarly tested 
using lower substrate concentrations (5 uM./ml. each of R1-P and hypoxan- 
thine), the average activity expressed as above was 20.3 uM. These results 
compare favorably with those obtained by Kalckar (21) for liver purine nucleo- 
side phosphorylase (14.7 uM. hypoxanthine/mg. protein N/hour at 25° C.) 
and by Friedkin and Roberts (22) for thymidine phosphorylase (42.7 uM. 
thymidine/mg. protein N/hour at 38° C.), but are considerably lower than 
those obtained by Rowen and Kornberg (23) for their highly purified nico- 
tinamide riboside phosphorylase (255 uM. nicotinamide riboside/mg. protein 
N/hour at 38° C.). 

Several attempts were made to purify the enzyme further. Fractionation ° 
with cold acetone or ethanol (24) occasioned marked loss in activity and no 
appreciable concentration in any of the fractions. Attempts at fractionation 
at 3° C. on XE 64 resin conditioned with phosphate at pH 6.1, 6.6, and 7.05 
were ineffective. The single protein fraction which emerged from an XE 64 
resin column buffered to pH 5.7 with 0.2 M sodium citrate was totally devoid 
of nucleoside phosphorylase activity. 

Two major protein zones were evident when small amounts of purified 
preparations were subjected to electrophoresis (Fig. 3). When comparatively 
large amounts of enzyme (e.g. 40 wg. protein N) were so treated two or three 
minor zones were evident. Evidence was obtained which indicated that the 
phosphorylase activity was associated with the fast moving protein component. 
However, electrophoresis on paper, or in starch blocks, yielded preparations 
which only possessed extremely slight activity. 

Two purified preparations (containing 2.0 and 2.1 mg./ml. of protein N) 
were examined at 260,000 g in a model E Spinco analytical centrifuge by Dr. J. 
Polglase of the University of British Columbia. The results showed that they 
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Fic. 3. Electrophoretic pattern of purified nucleoside phosphorylase. The prepara- 
tion (8 wg. protein N in 50 ul.) was applied to Whatman 3 MM paper, and subjected to 
electrophoresis in 0.1 M sodium veronal buffer, pH 8.6 (18 hr.; 14 v./cm.; 3° C.). 


contained two major protein components which were only partly separated. 
Crude and purified preparations possess phosphoribomutase activity which, 
unlike that in mammalian liver, cannot be removed by surface denaturation 


(25). 


Preparation of Deoxyribose 1-Phosphate 

The method of Friedkin and Roberts (22) was employed initially. Ina 
typical experiment 0.5 mM. each of deoxyguanosine and NazH PO, were added 
to 5 ml. of purified nucleoside phosphorylase (2 mg./ml. protein N) and 
incubated 6 hours at 37° with occasional agitation. The pH, which slowly 
increases owing to enzymic deamination of guanine, was kept between 7.0 and 
7.8 by occasional cautious addition of small portions of 1 N HCl. Crystalline 
DCH DR1-P (101 mg.) was obtained which, on recrystallization, yielded 72 
mg. of a product in which the content of deoxyribose and of phosphorus labile 
in 100 minutes at pH 4.0 (13) was 98% of the theoretical. It was found later 
that the ester could be obtained in higher yield when crude nucleoside phos- 
phorylase enzyme was used as follows. 

In a typical experiment 1 mM. each of deoxyguanosine and NazgHPO, were 
mixed with 20 ml. of crude enzyme (3.9 mg./ml. of protein N), the pH being 
adjusted initially to 7.4 with 1 N HCl. The mixture was stirred rapidly with 
a magnetic stirrer at 36° C., the pH being adjusted as in the above experiment. 
The increase in DR1-P was measured by determining the decrease in P; at 
intervals, and it was found that this reached a maximum after 7 hours. The 
mixture was kept overnight at 0° C., centrifuged at 8000 g, and the residue 
resuspended and washed with 25 ml. of water. The combined supernatant 
liquids were adjusted to pH 9.5 with 1 N NaOH and absorbed on a 15X3 
cm. (diam.) column of Dowex 1X10 resin in the formate cycle. The column 
was washed with 200 ml. of water and then eluted at 3 ml./minute with 0.2 
M NaCl, 10 ml. fractions being collected. Fractions 13-21 inclusive, which 
gave a strongly positive cysteine — sulphuric acid test (26) for deoxyribose, 
were pooled and an excess (2 mM.) of crystalline barium acetate added. The 
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solution was evaporated to dryness im vacuo using a flash evaporator (bath 
temperature 37° C.). The residue was extracted with several successive por- 
tions of warm water, the insoluble barium salts being removed by centri- 
fuging. To the clear supernatant liquid (7 ml.) four volumes of 99% ethanol 
were added slowly, and the solution chilled for several hours at 0° C. The 
precipitate was collected by centrifuging, washed with 99% ethanol, and dried 
3 hours over P:O; in high vacuum at room temperature. The yield was 
360 mg. of Ba DR1-P, which was approximately 65% pure as determined by 
its content of deoxyribose and phosphorus labile at pH 4.0. 

The crude barium salt was dissolved in 15 ml. of water and run slowly 
through a 10X0.65 cm. (diam.) column of Dowex 508 cation exchange resin 
in the cyclohexylamine cycle, the column being washed with water (35 ml.) 
until the eluate no longer gave a positive test for deoxyribose. The clear 
solution was evaporated to dryness as above. The white residue was dis- 
solved in 7 ml. of water-saturated n-butanol, the solution filtered through a 
small Whatman No. 1 conical filter to remove traces of insoluble material, 
and the paper washed with three successive 1-ml. portions of water-saturated 
n-butanol. To the clear filtrate and washings anhydrous diethyl ether was 
added slowly at 0° C. until slight clouding occurred. After crystallization 
began more ether was added slowly to a total volume of 30 ml. The mixture 
was held 1 hour at 0°C. The crystalline residue was collected on a small 
tared medium porosity Pyrex sintered glass filter, washed with anhydrous 
ether, and dried 3 hours over P.O; in high vacuum. The yield was 212 mg. 
(0.52 mM.) of DCH DR1-P, C, 48.66; H, 8.89; calc. for dicyclohexylam- 
monium deoxyribose 1-phosphate C,7H37;O;N2P (M.W. 412.46), C, 49.5; H, 
9.04. The deoxyribose content was 103% of theoretical. Phosphorus liber- 
ated in 100 minutes at 20° C. in 0.063 M acetate buffer pH 4.0 was 98% of 
the theoretical amount. 


In a second similar experiment, using another crude enzyme preparation, 
2 mM. of deoxyguanosine yielded 840 mg. of Ba DR1-P of only approximately 
50% purity based on its deoxyribose and labile phosphorus content. In this 
experiment the dicyclohexylammonium salt was crystallized from anhydrous 
methanol and ether, and 440 mg. (1.07 mM.) of pure DCH DR1-P were 
obtained. C, 49.45; H, 9.29; [a] =+38.76° (c, 2.57 in H.O). The optical 
rotation of this natural DR1-P is similar to that reported by Tener etal. (6) 
for synthetic dicyclohexylammonium @ R1-P ({a]f =40.3°), which is the 
form which is enzymically active. This, in addition to the data concerning 
its enzymic activity, strongly suggests that natural DR1-P possesses the @ 
configuration. Wright and Khorana (5) have shown that 8 R1-P is laevorota- 
tory ({a]f = —9.28°). 


Preparation of Ribose 1-Phosphate 


The poorer yields of this ester in comparison with those obtained for DR1-P 
are explained by the fact that the phosphoribomutase activity of the crude 
nucleoside phosphorylase preparations is apparently considerably greater than 
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that of the phosphodeoxyribomutase activity. However, satisfactory prepa- 
rations of R1-P were obtained by the following procedures: (a) Guanosine 
and NagHPO, (1.75 mM. of each) were mixed with 50 ml. of crude riboside 
phosphorylase (2.1 mg./ml. protein N) and incubated 6 hours at 37° C. with 
occasional agitation. Ba R1-P of 95% purity, as judged by its content of 
ribose and of phosphorus labile in 0.1 N perchloric acid at 23° (25), was 
obtained using the original isolation procedure described by Kalckar (21). The 
yield (150 mg.) was 0.39 mM. calculated as the monohydrate, M.W. 384.5 (5). 
(6) Guanosine and NasHPO, (0.88 mM. of each) were incubated 6.5 hours 
with 10 ml. of purified riboside phosphorylase (2.1 mg./ml. protein N). The 
R1-P was prepared by the low temperature chromatographic procedure of 
Rowen and Kornberg (23) and isolated as the barium salt. The yield was 
118 mg. and the purity was 76% as assessed by its content of ribose and labile 
phosphorus. The recovery was therefore 0.23 mM. (calculated on the basis 
of the pure compound). Experience has shown that these impure barium salts 
rarely yield products of high purity by simple reprecipitation of their aqueous 
solutions by addition of ethanol. (c) Guanosine and NazgHPO, (2 mM. of each) 
were stirred at 36° C. with 40 ml. of crude riboside phosphorylase (3.9 mg./ml. 
protein N), the pH being maintained between 7.0 and 7.8 by cautious addition 
of 1 N HCl. R1-P formation, as determined by the decrease in Pj, reached 
a maximum after about 4.5 hours. At this stage chromatography showed 
that Ri-P, and some R5-P, were present. The reaction mixture was adjusted 
to pH 10.5 with 2.5 ml. of 2.5 N NaOH, the protein coagulated, and the R5-P 
largely removed by heating to 80°, and the clear cooled centrifuged solution 
treated by the same general procedure as used for DR1-P, including absorption 
on a Dowex 1 formate column, elution with 0.2 M NaCl, and pooling of the 
fractions which gave a strongly positive orcinol reaction. Excess barium 
acetate was added to the pooled eluates, followed by addition of an equal 
volume of 99% ethanol. The barium salt of R1i-P was extracted with water 
and reprecipitated with ethanol. The yield was 295 mg. which was 63% pure 
as assessed by its content of ribose and phosphate labile in 0.5 N HCl in 10 
minutes at 26° C. (17). DCH R1-P was prepared from the crude barium salt 
by the procedure used with barium DR1-P. The dried eluate obtained from 
the Dowex 50 cyclohexylamine resin column was dissolved in 5 ml. of water- 
saturated n-butanol, filtered, and anhydrous diethyl ether (15 ml.) was added 
slowly at 0° C. until crystallization occurred. After washing and drying as 
with DCH DR1-P, 0.34 mM. (145 mg.) of crystalline salt was obtained. 
C, 46.95; H, 8.64; P, 7.10. Calc. for Ci7H370sNeP (M.W. 428.46): C, 
47.65; H, 8.71; P, 7.23. The ribose content was 98% of the theoretical. 
The preparation contained 0.7% P;. 


Results 
Activity and pH 
Solutions containing purified nucleoside phosphorylase (0.045 mg./ml. 
protein N), R1-P (2.5 wM./ml.), hypoxanthine (5 4M./ml.), and the desired 
buffer (0.04 M) were prepared (0.2 ml. volume) and incubated, with occasional 
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gentle shaking in small stoppered tubes, in a water bath at 37°C. Samples 
(70 wl.) were removed after 1 hour for determination of orthophosphate. The 
results (Fig. 4) show that the enzyme has a wide range at which it exerts about 
the same activity (pH 5.5 to almost 7.5). There is a very sharp decrease in 
activity below pH 5.5 and a somewhat slower decrease between about pH 
7.2 and 9.2. 

Rather similar results were obtained in an experiment in which 0.2 ml. 
portions of purified enzyme (0.11 mg./ml. protein N), the pH values of which 
were adjusted initially to the desired values with NaOH or HCI, were incubated 
4 hours at 37° C. with 10 uM./ml. each of guanosine and P;. The amounts 
of R1i-P present in the various samples were then determined by quantitative 
paper chromatography. The results of this experiment indicated that the 
activity was most pronounced between pH 6.8 and 7.4 (Fig. 4). 
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Fic. 4. pH-activity curves of purified nucleoside phosphorylase. Sodium succinate 
(@——e); tris(hydroxymethyl)aminomethane-HCl (0 ©); and sodium veronal 
(X X) buffers with hypoxanthine and R1-P: Pj; increase determined. Quantitative 
paper chromatographic determination of R1-P formed from guanosine and P; (A A). 











Pentose Specificity 


Small stoppered tubes containing 0.4 ml. of purified enzyme (0.37 mg./ml. 
protein N), 5 u4M./ml. each of the pentose phosphates listed in Table II, 
0.1 ml. of 0.1 M veronal buffer pH 7.4, and an excess (10 uM./ml.) of hypoxan- 
thine were incubated at 37° with occasional agitation. The increase in ortho- 
phosphate in 50-yl. aliquots was determined at intervals as an indication of 
inosine synthesis. The results (Table II) show clearly that only natural R1-P 
and synthetic @ R1-P acted as phosphate donors in this system, and that B 
R1-P and arabinose 1-phosphate were not utilized. These findings show, as 
has already been pointed out (3, 5, 6), that phosphorolytic cleavage of B- 
nucleosides is accompanied by an inversion of C-1 of the ribofuranose molecule 


to yield a R1-P. 
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TABLE II 


FORMATION OF INOSINE FROM HYPOXANTHINE BY PURIFIED NUCLEOSIDE 
PHOSPHORYLASE IN PRESENCE OF PENTOSE 1-PHOSPHATE ESTERS 








Per cent inosine formed as calculated from 
orthophosphate liberated after: 











3 min. 30 min. 60 min. 120 min. 
Natural R1-P 12.8 83.5 89 90 
Synthetic a R1-P 11.6 75.5 86 87 
Synthetic 8 R1-P 0 0 0 0 
Synthetic arabinose 1-P 0 0 0 0 
TABLE III 


PURINE SPECIFICITY OF PURIFIED NUCLEOSIDE PHOSPHORYLASE PREPARATIONS 














P; from R1-P after: P; from DR1-P after: 
Enzyme 
Substrate* preparationf 3 hr. 6 hr. 3 hr. 6 hr. 

Controls 0 0 0 0 
Hypoxanthine a 78 81 67 63 

b 85 62 

c 80 
Xanthine a 29 36 43 45 

b 43 54 39 

c 19 
6-Mercaptopurine a 3 6.5 42 46 

5.2 6.1 

b 28 33 38 
6-Methylpurine a 0 5.2 0 3.2 

b 0 7.8 ri 
8-Azaguanine a 37 67.70 28 41 

b 37 45 41 

c 24 
Guanine a 7.8 11 8.7 14 

b 16 19 5.1 

c 19 
Adenine a 3.6 a 9.7 10 

b 19 31 14 

c 13 
2,6-Diaminopurine a <1 2.3, 26 0 0 


oa 
_ 
NS 
bdROo 
Oo 
c= 
on 





*Purine, isoguanine, 2-aminopurine, 2-oxypurine, 2-mercaptopurine, 2-thioadenine, 2-thio- 
guanine, 8-azaxanthine, 8-chloroxanthine, 8-aza-6-oxy-2-thiopurine, 4-amino-5-imidazole- 
carboxamide, uric acid, uracil, cytosine, and thymine were all inactive. 

+The final concentration of enzyme present in the different experiments was (mg./ml. 
protein N): (a) 0.44; €(b) 0.42; (c) 0.46. 
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Purine Specificity 

The various purine or pyrimidine compounds were dissolved, or suspended, 
in 0.05 M veronal buffer, pH 7.4, to make solutions containing 25 uM./ml. 
Where necessary the pH was adjusted with 1 N NaOH. Solution of the more 
insoluble compounds could be facilitated in some instances by heating. Small 
stoppered tubes received 0.1 ml. of purine or pyrimidine solution and 0.4 ml. 
of purified nucleoside phosphorylase in which the R1-P or DR1-P had been 
dissolved in 6.25 uM./ml. concentration. The samples were incubated at 
37° C. with occasional gentle agitation, 100-yl. aliquots being withdrawn at 
intervals for determination of P; by the appropriate method. 

The results obtained in several experiments using different enzyme prepara- 
tions are given in Table III. They show that the enzyme had the same general 
specificity toward purines when either DR1-P or R1-P was used as substrate. 
In general, hypoxanthine, xanthine, 8-azaguanine, 6-mercaptopurine, and 
guanine were strongly activated. Adenine and 2,6-diaminopurine were also 
activated to a lesser degree. Only compounds with a substitution in the C-6 
position, and none of those substituted in the C-2 position, were utilized. 
None of the pyrimidines was activated. The reason why 8-azaguanine was 
utilized, while 8-azaxanthine was not, has not been explained. No hypoxan- 
thine was detected by paper chromatography in reaction mixtures which con- 
tained adenine and, since adenosine was detected in such chromatograms, it 
may be assumed that the adenine is activated without previous deamination 
to hypoxanthine. 


Equilibrium 

The first studies concerning a nucleoside phosphorylase enzyme showed 
that the equilibrium indicated in the following system was about 90% in 
favor of nucleoside formation: hypoxanthine+ R1-P@inosine+P; (21). In- 
vestigations concerning equilibrium in enzyme systems similar to the above 
are often complicated by the slight solubility of many nucleosides and their 
corresponding bases in water. With the hypoxanthine-inosine system the 
solubility of the components is sufficient to ensure quite rapid equilibrium 
when the experiment is initiated with either hypoxanthine plus R1-P (DR1-P) 
or with inosine (deoxyinosine) plus P;. Thus when these reactants in 10 
u4M./ml. concentrations were incubated with nucleoside phosphorylase (0.75 
mg.,/ml. protein N) under conditions similar to those used in previous experi- 
ments, the equilibrium was about 85% in favor of nucleoside formation, as is 
shown for R1i-P in Fig. 5. Almost identical results were obtained with the 
DR1-P in the deoxyinosine system. 

A similar experiment was carried out in which 10 uM. each of guanosine 
and NagHPQ, were stirred at 36° C. with 2 ml. of purified enzyme containing 
0.83 mg./ml. of protein N, the pH being maintained between 7.2 and 7.8. 
With these concentrations of reactants there was no apparent undissolved 
purine or nucleoside at equilibrium. Pj, phosphorus labile in 10 minutes in 
0.5 N HCl at 20° (R1-P phosphorus), and phosphorus labile in 10 minutes in 
1 N NaOH at 100° C., were measured at intervals in 50-yl. aliquots. Since 
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Fic. 5. Equilibrium with purified nucleoside phosphorylase in the hypoxanthine— 


inosine system. Pij+enzyme (O——O); Pi+enzyme+inosine (@ @); R1i-P+ 
enzyme (A A); R1-P+enzyme+hypoxanthine (X x). 











it has been found that 58% of the phosphorus of RS5-P is liberated by heating 
in 1 N NaOH as above, while R1-P is stable under these conditions (5), this 
factor was used to calculate P; arising from R5-P. The results (Table IV) 
show that after 3 hours 75% of the phosphorus was in the form of P;. Thus 
the equilibrium was in favor of nucleoside formation. This experiment was 
somewhat complicated since the purified enzyme possessed phosphoribomutase 
activity, though this only became marked toward the end of the experiment. 
Both R1-P and R5-P were demonstrated chromatographically (solvent 5) in 
samples taken after 7 hours’ incubation. 

In another experiment, using the same purified enzyme preparation, guano- 
sine and orthophosphate were added in 50 wM./ml. concentration. In this 
case equilibrium was attained after 12 hours with 50% each of P; and labile 
phosphorus (R1-P), and this remained unchanged even after 18 hours incuba- 
tion. It is interesting to note that, with these comparatively high concentra- 
tions of reactants, no R5-P could be detected by paper chromatography, a 
result which is in accord with the above phosphate determinations. These 


TABLE IV 


EQUILIBRIUM BETWEEN GUANOSINE+P; AND GUANINE+R1-P USING 
PURIFIED NUCLEOSIDE PHOSPHORYLASE 








ug. P recovered in 50-yl. aliquots as:* 








Time at Total P 
36°, hours P; R1-P R-5P recovered 
0 15.5 0 0 3.5 
2 13.0 — = — 
3 1.5 — — — 
5 11.1 2.4 ‘2 15.20 
7 1.7 2.25 2.0 15.55 





*Total P present =15.5 ug./50 yl. aliquot. 
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results, which show that R1-P synthesis is favored by high concentrations of 
guanosine, serve to explain why it is possible to obtain quite good yields of 
the phosphate ester without removing the end product (guanine), as is essential 
when inosine is used (21). 


Proof of Unity of the Enzyme 

Tubes containing an excess (50 uM./ml.) of hypoxanthine, purified enzyme 
(diluted with 0.05 M veronal buffer pH 7.4 so that the final concentration in 
the reaction mixtures was 0.022 mg./ml. of protein N), and 20 or 40 wM./ml. 
of R1-P or DR1-P (alone or combined) were incubated with frequent agita- 
tion. The concentration of orthophosphate in 50-yl. aliquots was determined 
at intervals (15). The results (Table V) show that, under conditions where 
the enzyme was apparently saturated with respect to substrates, a mixture of 
R1i-P and DR1-P occasioned about the same rate of nucleoside synthesis as 
did either ester alone in the same molar concentration. This indicates that 
R1i-P and DR1-P are both activated by the same enzyme. 

TABLE V 
PHOSPHORYLATION OF HYPOXANTHINE (50 uM./ml.) BY PURIFIED NUCLEOSIDE 


PHOSPHORYLASE SATURATED WITH RESPECT TO R1-P, DR1-P, AND A 
MIXTURE OF THESE ESTERS 








ug. orthophosphate in 50 yl. after: 








0.5 hr. 1.0 hr. 2.0 hr. 
DR1-P, 20 uM./ml. i | 8.4 10.0 
R1-P, 20 uwM./ml. 5.2 i 9.8 
DR1-P+R1-P, 20 uM./ml. 6.5 8.8 9.5 
DR1-P, 40 uM./ml. 6.3 9.0 10.1 
R1-P, 40 uM./ml. 5.7 7.4 10.5 
DR1-P+R1-P, 40 uM./ml. 6.5 9.0 11.4 





Heat Destruction 

The purified enzyme preparation used had been prepared from muscle frozen 
3 months at —20° C., and had itself been stored 1 month at this temperature 
before use. It was diluted with an equal volume of 0.05 M veronal buffer 
pH 7.4 and portions heated at 50° C. for different lengths of time before its 


TABLE VI 


PER CENT P LIBERATED AS P; FROM PENTOSE PHOSPHATES BY PHOSPHORYLASE 
PREHEATED AT 50° FOR INTERVALS NOTED 








Minutes preheated 











0 30 90 180 300 420 

Substrates P; liberated 
R1-P+hypoxanthine 87 85 87 87 47 16 
DR1-P+hypoxanthine 83 81 83 81 61 18 
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activity was determined. The conditions employed were similar to those 
described in the foregoing experiment, except that the final concentration of 
enzyme was 0.125 mg./ml. of protein N. Pj; was determined after 2 hours’ 
incubation using 100-yl. aliquots. The results (Table VI) show that slow 
inactivation occurs at 50° C. 


Effect of Calcium, Magnesium, and Cysteine 

No significant acceleration or depression of the activity of the purified 
enzyme in hypoxanthine—inosine system was apparent following the addition 
of 0.01 or 0.001 M Mg*+, Ca*+, or cysteine, or mixtures of these. 
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THE EFFECTS OF ALIPHATIC ALDEHYDES ON THE 
RESPIRATION OF RAT BRAIN CORTEX SLICES AND 
RAT BRAIN MITOCHONDRIA! 


C. T. BEER AND J. H. QUASTEL 


Abstract 


A study has been made of the effects of acetaldehyde and n-valeric aldehyde 
on the respiration of rat brain cortex slices in the presence and absence of 0.1 
M KCl. Acetaldehyde at low concentrations (1-2 mM) brings about a marked 
inhibition of potassium-stimulated respiration of brain cortex slices. The inhi- 
bition by acetaldehyde occurs at 1/200th the concentration at which ethanol 
produces the same effects. The stimulation of brain respiration due to potassium 
ions is abolished by acetaldehyde at concentrations that have no observable 
effect on the unstimulated respiration. Acetaldehyde and n-valeric aldehyde, 
at equivalent concentrations, have almost equal inhibitory effects on potassium- 
stimulated rat brain cortex respiration. The inhibitory effects of the aldehydes 
do not increase sharply with increase of their concentrations, in contrast to the 
effects of the corresponding alcohols. The aldehydes, in contrast to the cor- 
responding alcohols, inhibit brain mitochondrial respiration as markedly as 
they inhibit brain cortex respiration. The inhibitory effect of the aldehyde 
on mitochondrial respiration with pyruvate as substrate is greater in the pres- 
ence of small quantities of malate than in the absence of malate. The acetal- 
dehyde inhibition is abolished on the addition of DPN. The results obtained 
with the aldehydes do not support the view that the corresponding alcohols 
exercise their inhibitive effects on brain respiration by preliminary conversion 
to the aldehydes. It is suggested that the aldehydes exercise their inhibitory 
effects on brain respiration by rapid attainment of equilibrium with a constitu- 
ent of the brain respiratory system associated with a rate-limiting step in the 
citric acid cycle. 


It has been shown in our preceding paper (1) that aliphatic alcohols exercise 
marked inhibitions of potassium-stimulated rat brain cortex respiration at 
concentrations that affect but little the unstimulated respiration of rat brain 
cortex slices incubated in glucose-phosphate—-Ringer medium. The inhib- 
itive effects of the alcohols are greater, for equivalent molar concentrations, as 
the length of the carbon chain increases, n-pentanol exercising the same (15%) 
inhibition of stimulated brain respiration as ethanol at 1/100th the concentra- 
tion of the latter alcohol. Moreover, the alcohol inhibition does not increase 
markedly with time, indicating a rapid establishment of equilibrium with 
brain tissue constituents and a lack of development of a toxic or inhibitive 
metabolite. These results are similar to those already found with narcotics 
(3, 4). The alcohols, however, have little or no inhibitory effects on rat 
brain mitochondria respiration (in contrast to those due to narcotics such as 
Nembutal) at concentrations that depress the potassium-stimulated respiration 
of brain cortex slices. It was suggested, therefore, that the alcohols affect a 
respiratory system located, in the brain cells, at regions other than the mito- 
chondria, probably at the cell membranes. Here the alcohols presumably 
establish equilibrium conditions with membrane constituents important for 
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the operation of the citric acid cycle whose activity is stimulated by the pres- 
ence of relatively high concentrations of potassium ions. This view involves 
the conclusion that part of the respiratory activity of the brain cell is located 
at the cell membranes, that the potassium effect in stimulating brain cortex 
respiration is largely located at the cell membranes, and that the alcohols 
exercise their effects (at low concentrations) at these membranes. As it is 
well known that ethanol is oxidized in the body to acetaldehyde, a reaction 
that apparently also occurs in the brain (2), experiments were carried out to 
study the effects of aliphatic aldehydes on the respiration of rat brain cortex 
slices and mitochondria. It is already established (5, 7) that aldehydes 
(e.g. isovaleric aldehyde) derived from amines, on oxidation by brain amine 
oxidase, exert highly toxic effects on respiration of the brain. It was clearly 
of importance to compare the relative effects of aldehydes with the corre- 
sponding alcohols on brain respiration and to discover, if possible, whether 
alcohol inhibition of brain respiration might be attributable to the formation 
of the corresponding aldehyde. This paper is concerned with a description 
of the effects of acetaldehyde and n-valeric aldehyde on brain respiration. 


Experimental Procedure 


The experimental procedure adopted in this work is identical with that 
described in our preceding paper (1). Brain cortex slices (0.2-0.3 mm. 
thick) were cut with a Stadie—Riggs microtome from brains quickly removed 
from hooded adult rats and transferred to a glucose (0.01 M) — phosphate — 
Ringer (pH 7.4) solution. The conventional Warburg manometer technique 
was used. Brain mitochondria were prepared and used as described earlier 
(1). 

The aldehydes, after redistillation, were placed in the main compartments 
of the Warburg manometer vessels together with the brain preparations 
from the start of the experiment. Potassium chloride, at a suitable concen- 
tration, was placed in the side arm of the vessel and tipped in after 30 minutes’ 
incubation to give a final concentration of 0.1 M. Control experiments, with- 
out the aldehyde, were always set up. When brain slices were used, the 
flasks were gassed with oxygen for 3 minutes and equilibrated at 37° C. for 
10 minutes before the first reading was taken. Manometer taps were closed 
as soon as possible to minimize loss of aldehyde by evaporation. Readings 
were taken, and after potassium chloride was tipped in a period of 8 
minutes was allowed to elapse before readings were taken of the stimulated 
respiration phase. Occasionally KCl was present from the start of the 
experiment. All oxygen uptake data were corrected for the nonbiological 
oxygen consumption due to the reaction of oxygen with the acetaldehyde 
vapor in presence of potash which had been placed in the Warburg center 
wells for CO, absorption. This correction was important with the higher 
concentrations of acetaldehyde (12 mM). 
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Results 
Brain Cortex Slices 

Acetaldehyde 

The effects of acetaldehyde on the respiration of rat brain cortex slices, 
both in the absence and presence of added 0.1 M KCl, were studied over a 
concentration range of 2.5 mM to 12 mM. 

Typical results given in Fig. 1 show that 2.5 mM acetaldehyde, whilst 
having no perceptible inhibitory effect on the brain cortex respiration in 
absence of added KCI, brings about a large inhibition of the potassium- 
stimulated respiration. The excess rate of oxygen uptake due to the addition 
of the potassium ions is completely: eliminated by the acetaldehyde. The 
respiration, in presence as in absence of acetaldehyde, is maintained at a 
steady rate for at least one hour. The fact that no progressive inhibition 
occurs with the acetaldehyde points to the rapid establishment of equilibrium 
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Fic. 1. Effects of addition of 2.5 mM acetaldehyde on the rate of oxygen consumption 
of rat brain cortex slices in absence or presence of 0.1 M KCl. 
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Fic. 2. Effects of addition of varying concentrations of acetaldehyde on the rate of 
respiration of rat brain cortex slices in absence or presence of 0.1 M KCI. 


conditions and to the fact that irreversible protein denaturation or the accu- 
mulation of a toxic product is not taking place. 

Results demonstrating the effects of different concentrations of acetaldehyde 
on rat brain cortex respiration both in the presence and absence of added 
0.1 M KCl are shown in Fig. 2. In these experiments the Qo, was calculated 
in the 10-30 minute period after the addition of KCl. It is of interest to note, 
from the results given in Fig. 2, that although the potassium-stimulated brain 
cortex respiration is highly sensitive to acetaldehyde, the limit of inhibition 
is reached at about 4-5 mM acetaldehyde, above which concentration in- 
creased quantities of acetaldehyde seem to secure no enhancement of respira- 
tory inhibition. The new rate of respiration (with above 4-5 mM acetalde- 
hyde) approximates to that found in the absence of KCl. The results indicate 
that the aldehyde, at a low concentration, eliminates the potassium effect in 
stimulating brain respiration. This behavior of aldehyde is in striking 
contrast to that of the alcohols, with which increasing concentration brings 
about no leveling off of the brain respiration but an increasing inhibition. 
Such a result would be opposed to the view that ethanol inhibition of brain 
cortex respiration is due to the development in the brain cell of acetaldehyde 
formed by oxidation of the alcohol. 


n-Valeric aldehyde 
The effect of m-valeric aldehyde on the respiration of brain cortex slices in 
a glucose-phosphate—-Ringer medium, in the presence and absence of 0.1 M 
KCI, was determined in a manner similar to that described for acetaldehyde. 
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The results demonstrate that 2 mM valeric aldehyde greatly reduces the 
extra oxygen uptake due to the presence of 0.1 M KCl and establishes, like 
acetaldehyde, an equilibrium condition with brain tissue constituents so 
that a steady rate of respiration is maintained in the presence of the aldehyde. 
Results given in Table I show the relative effects of acetaldehyde and n- 
valeric aldehyde on rat brain cortex respiration. 


TABLE I 


RELATIVE EFFECTS OF ACETALDEHYDE AND -VALERIC ALDEHYDE ON RAT BRAIN 
CORTEX RESPIRATION 


(Qo, in ul.) 








Molarity of aldehyde 











0 0.002 0.004 
No + No + No + 
added 0.1 MKC added 0.1 MKCI added 0.1 M KCl 
KCl KCl KCl 
Acetaldehyde 13.7 Ce se 16.9 11.0 12.3 
n-Valeric aldehyde 12.7 22.3 10.5 85.7 10.2 0.8 





Note: The respiratory rates (Qo,) were determined for the period 10-30 minutes after 


addition of KCl, and for the corresponding period in control experiments where no KCI was 
added. 


Although -valeric aldehyde seems to be a little more inhibitory, for equiva- 
lent concentrations, than acetaldehyde on potassium-stimulated brain cortex 
respiration, the two aldehydes resemble each other closely in their inhibitory 
effects. The great disparity in inhibitive effects, at equivalent concentrations, 
shown by -pentanol and ethanol (1) is not shown by the corresponding 
aldehydes, n-valeric aldehyde and acetaldehyde, whose effects at equimolar 
concentration are very nearly the same. It is very evident that the length 
of the carbon chain, which plays so important a role in determining inhibitive 
effects of the aliphatic alcohols on stimulated brain cortex respiration, plays 
little role in determining the inhibition of the aliphatic aldehydes. Presum- 
ably, the aldehyde group has the dominating influence and accounts for the 
higher activity of aliphatic aldehydes than that of the aliphatic alcohols. 
Acetaldehyde accomplishes an inhibition of potassium-stimulated brain 
cortex respiration at a concentration at least two hundred times less than that 
of the concentration of ethanol bringing about the same inhibition. 


Brain Mitochondria 


The effects of the addition of 2 mM acetaldehyde on the respiration of rat 
brain mitochondria, with or without pyruvate and malate present, are shown 
in typical results given in Fig. 3. It will be observed that, although the 
aldehyde has no effect on the feeble rate of respiration of the mitochondria 
in absence of pyruvate, a pronounced inhibition occurs when pyruvate is 
present as substrate, this being increased when malate is also present. On 
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Fic. 3. Effects of addition of 2 mM acetaldehyde on the rate of oxygen consumption 

of rat brain mitochondria. 

A. Mitochondria + 6.7 X 10-* M sodium pyruvate + 6.7 X 10-* M sodium malate. 

B. Mitochondria + 6.7 X 10-* M sodium pyruvate + 6.7 X 10-4 M sodium malate 
+ 2 mM acetaldehyde. 

C. Mitochondria + 6.7 X 107% M sodium pyruvate. 

D. Mitochondria + 6.7 X 107% M sodium pyruvate + 2 mM acetaldehyde. 

E. Mitochondria + 2 mM acetaldehyde. 

F. Mitochondria. 


the addition of 10 mM acetaldehyde, the malate acceleration of mitochondrial 
respiration in presence of pyruvate disappears. Results obtained with differ- 
ent concentrations of acetaldehyde are shown in Table II. They indicate 
that even 1 mM acetaldehyde exercises a marked inhibition of brain mito- 
chondrial respiration in presence of pyruvate and malate, the effect being 
greater than in presence of pyruvate alone. The effect of the aldehyde in 
diminishing mitochondrial respiration in presence of a mixture of pyruvate 
and malate to a greater extent than in presence of pyruvate alone resembles 
the effect of the steroid narcotic Viadril (8) or of decanoate or Nembutal (10) 
on the same systems. 

It is to be noted that the inhibitions effected by 10 mM acetaldehyde are 
not markedly greater than those due to 2 mM acetaldehyde. 


Effects of DPN and ATP on Acetaldehyde Inhibition of Brain Mitochondrial 
Respiration 
The addition of diphosphopyridine nucleotide (DPN) almost entirely 
eliminates the inhibitory effects of acetaldehyde (1 mM) on brain mitochondrial 
respiration. Typical results are shown in Tables III and IV. A few results 
have shown that the alleviating action of DPN is greater in a pyruvate- 
malate system than in one in which added malate is absent. The effect of 


POP elt 
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TABLE II 
EFFECTS OF ACETALDEHYDE ON THE RESPIRATION OF BRAIN MITOCHONDRIA 








ul. O2 consumed in 30 minute periods 











0-30 min. 30-60 min. 60-90 min. 
Molarity of No + No + No 

acetaldehyde acetal- Acetal- acetal- Acetal- acetal- Acetal- 
present Substrates dehyde dehyde dehyde dehyde dehyde dehyde 

i1mM 0 22 20.5 13 18 11 12 

Pyruvate 59 44 47 42 39 36 

Malate 30 27 19 21 18 16 

Pyruvate + malate 136 99 98 72 66 55 

2mM Pyruvate 45 27 42 22 26 24 

Pyruvate + malate 117 43 88 48 47 33 

10 mM 0 15 15 16 13 8 8 

Pyruvate 33 24 32 23 27 19 

Malate 23 23 i4 16 11 11 

Pyruvate + malate 63 26 49 23 42 18 





Norte: Pyruvate (Na) = 6.7 X 10-3 M; malate (Na) = 6.7 X 10 M. 


TABLE III 


EFFects OF DPN ON ACETALDEHYDE (1 mM) INHIBITION OF RAT BRAIN 
MITOCHONDRIAL RESPIRATION 








ul. O2 consumed in 30 minute periods 




















0-30 min. 30-60 min. 60-90 min. 90-120 min. 
No + No + No + No + 

alde- Acetal- alde- Acetal- alde- Acetal- alde-  Acetal- 

Substrates hyde dehyde hyde dehyde hyde dehyde hyde dehyde 
Pyruvate 39 38 36 38 32 33 21 25 
Pyruvate + DPN 70 59 71 45 70 42 19 29 
Pyruvate + malate 135 60 79 51 56 42 32 29 

Pyruvate + malate 

+ DPN 171 162 154 147 151 133 64 53 





Note: Pyruvate (Na) = 6.7 X 10-3 M; malate (Na) = 6.7 X 10° M; DPN = 2.5 X 
10-4 M. 


TABLE IV 


EFFECTS OF ADDITION OF ATP AND DPN ON ACETALDEHYDE (1 mM) INHIBITION 
OF RAT BRAIN MITOCHONDRIAL RESPIRATION IN PRESENCE OF 
PYRUVATE AND MALATE 








ul. O2 consumed in 30 minute periods 











0-30 min. 30-60 min. 60-90 min. 
+ + + 
Cofactors No Acetal- No Acetal- No Acetal- 
added aldehyde dehyde aldehyde dehyde aldehyde dehyde 
Nil 91 30 53 33 27 26 
DPN 134 131 129 121 103 95 
ATP 111 77 64 49 54 38 
DPN + ATP 184 167 133 124 104 100 





Note: Pyruvate (Na) = 6.7 X 107? M; malate (Na) = 6.7 X 10-* M; ATP = 5 X 10°M; 
DPN = 2.5 X 10 M. 
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DPN in increasing brain mitochondrial respiration, which has been discussed 
by Weinhouse (11), may also be seen with brain cortex respiration. The 
rate of anaerobic oxidation of lactate and L-malate by rat brain cortex slices 
is increased by the addition of DPN (9). 

The addition of adenosine triphosphate (ATP) results in a smaller alleviating 
action on acetaldehyde inhibition than that brought about by DPN (Table 
IV). There is no doubt that DPN plays the major role in eliminating ace- 
taldehyde inhibition of mitochondrial respiration. The results are consistent 
with the view that the presence of DPN accelerates the removal of acetalde- 
hyde from the system either by oxidation or by dismutation. 

Addition of DPN, after acetaldehyde (1 mM) had been allowed to incubate 
with the rat brain mitochondrial system in presence of pyruvate and malate, 
brought about a rise in respiratory rate almost to the value of the control to 
which no acetaldehyde had been added. The late (20 minutes or 40 minutes) 
addition of DPN to the mitochondria respiring in presence of acetaldehyde 
(1 mM), pyruvate, and malate increased the rate of oxygen uptake to 80% 
of the value obtained when DPN was added at the beginning of the experi- 
ment. It is, therefore, evident that the relatively lengthy presence of 1 mM 
acetaldehyde in the mitochondrial system, resulting in considerable inhibition 
of respiration, does not bring about an irreversible state, or a state that cannot 
be reversed by addition of DPN. The results support the conclusion that 
acetaldehyde rapidly attains equilibrium conditions with a constituent of 
the mitochondrial system. 


Effects of Time of Addition of Substrates to the Mitochondrial System 

When the substrates, pyruvate and malate, are added to the mitochondria 
suspension an appreciable interval of time (e.g. 20 minutes) after their incu- 
bation at 37°, not only is the respiratory rate diminished, but both the inhibi- 
tory action of acetaldehyde and the stimulating action of DPN disappear. 


TABLE V 
EFFECTS OF DELAYED ADDITION OF PYRUVATE AND MALATE ON THE RESPIRATORY 


ACTIVITY OF RAT BRAIN MITOCHONDRIA IN THE PRESENCE AND ABSENCE 
OF ACETALDEHYDE (1 mM) 








ul. O2 consumed in 20 minute 

















intervals 
0-20 min. 20-40 min. 
Additions to — 
Initial addition mitochondria No + No 
to mitochondrial after 20 minutes alde- <Acetal- alde- Acetal- 
system incubation at 37° hyde dehyde hyde dehyde 
Pyruvate + malate + Nil 87.5 87 171. 74 
DPN 
Pyruvate + malate Nil 39 26 32 24 
Nil Pyruvate + malate 23 22 19 19 
DPN Pyruvate + malate 29 29 26 26 





Nore: Pyruvate (Na) = 6.7 X 10-° M; malate (Na) = 6.7 X 10-* M; DPN = 2.5 X 1074 M. 
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Some typical results are shown in Table V. It is evident that a component 
of the system whose activity is inhibited by acetaldehyde and enhanced by 
DPN is irreversibly broken down during mitochondrial incubation in the 
absence of pyruvate (plus malate) respiration. 


Effects of Acetaldehyde (1 mM) on Respiration of Rat Brain Mitochondria 

in Presence of Various Substrates 

The presence of succinate increases the rate of respiration of rat brain 
mitochondria, the rate being considerably inhibited by the addition of DPN 
(Table VI). The inhibitory action of DPN on succinate oxidation in the 
presence of a brain suspension was demonstrated by Mann and Quastel (6), 
who attributed the inhibition to the accumulation of oxaloacetate, which is a 
competitor for succinic dehydrogenase. The addition of 1 mM acetaldehyde 
has no inhibitory effect on rat brain mitochondrial respiration with succinate 
as substrate in the presence or absence of DPN. This is in sharp contrast 
to the effect of acetaldehyde on mitochondrial respiration in the presence of 
pyruvate and malate. 

The addition of a-ketoglutarate (6 mM) to the rat brain mitochondrial 
system increases the rate of oxygen uptake to a small extent, the rate being 
very considerably enhanced, however, when DPN is added (Table VI). No 
appreciable effect of 1 mM acetaldehyde is seen on this system. 

Although the addition of L-glutamate (5 mM) has little effect on the res- 
piration of the rat brain mitochondrial system, a very large increase in the 
rate of respiration is observed when DPN is also added (Table VI). The 
addition of 1 mM acetaldehyde brings about a considerable fall in the rate 
of respiration in the presence of L-glutamate and DPN. 


TABLE VI 


EFFECTS OF ACETALDEHYDE ON RAT BRAIN MITOCHONDRIAL RESPIRATION IN THE 
PRESENCE OF VARIOUS SUBSTRATES 








ul. O. uptake in 30 minutes 








Expt. Addition to No , +imM 
No. mitochondrial suspension acetaldehyde addition acetaldehyde 
1 Nil 23 — 
Succinate 136 147 
Succinate + DPN 52 55 
2 Nil 38 — 
a-Ketoglutarate 50 50 
a-Ketoglutarate + DPN 124 107 
3 L-Glutamate 38 36 
L-Glutamate + DPN 106 71 





Note: Succinate (Na) = 5 X 10-* M; a-ketoglutarate (Na) = 6 X 10-* M;L-glutamate (Na) 
= 5X 10°? M; DPN = 2.5 X 107 M. 
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Discussion 


Acetaldehyde at low concentrations (1-2 mM) brings about marked inhi- 
bitions of potassium-stimulated respiration of rat brain cortex slices and the 
respiration of rat brain mitochondria in presence of pyruvate and malate. 
Acetaldehyde is, for equivalent concentrations, about two hundred times 
more effective than ethanol in bringing about a suppression of potassium- 
stimulated brain respiration. In contrast to ethanol, whose inhibitory 
effects increase sharply with its concentration, acetaldehyde inhibition 
becomes constant at about 4-5 mM, no increased inhibition taking place on 
increase of its concentration to 12 mM. _ Like ethanol and the higher alcohols, 
acetaldehyde rapidly attains equilibrium conditions with a constituent of 
the brain respiratory system, no evidence of irreversible denaturation of 
tissue proteins or accumulation of a toxic product being seen. The evidence 
makes it unlikely that ethanol exercises its inhibitory effect by its conversion, 
in the brain tissue, to acetaldehyde. Several unsuccessful attempts were 
made by us to confirm the observation of Dewan (4) that an active alcohol 
dehydrogenase exists in brain. If the enzyme exists in rat brain, it is not 
active enough to bring about oxidation of ethanol sufficiently rapidly to 
account for its inhibitory effect, assuming that the latter is due to acetalde- 
hyde formation. This must be particularly evident when comparing the 
inhibitive activities of m-pentanol and n-valeric aldehyde. These substances 
exert inhibitions of potassium-stimulated rat brain cortex respiration at 
concentrations not far removed from each other. The alcohol dehydro- 
genase, if it is present in rat brain, is clearly insufficiently active to account 
for pentanol inhibitions on the basis of aldehyde formation. 

In contrast to the aliphatic alcohols, whose inhibitive power increases 
markedly with length of the carbon chain, the activities of acetaldehyde and 
n-valeric aldehyde are approximately equal at equivalent concentrations. 
The aldehyde group has the dominating influence in bringing about aliphatic 
aldehyde inhibitions of brain respiration. The resemblance between the 
aldehydes and the alcohols, as well as with other narcotics, in impeding potas- 
sium-stimulated respiration of brain cortex slices to a far greater extent than 
the unstimulated respiration, points to the association of the aldehydes with 
a rate-limiting step in the citric acid cycle operating in the brain cell. 

Whereas, however, the alcohols exert little or no influence on brain mito- 
chondrial respiration the aldehydes exert an influence on mitochondrial 
respiration which is at least as great as that on the rat brain cortex respiration. 
The effect of the aldehyde on mitochondrial respiration is greatest when a 
mixture of pyruvate and malate is the substrate, the effect being larger in 
the presence of malate than in its absence. This again points to the involve- 
ment of the aldehydes in the citric acid cycle. It is important to note that 
the addition of DPN abolishes the acetaldehyde inhibition, but this may be 
due to DPN-catalyzed removal of acetaldehyde either by oxidation or dismu- 
tation. Acetaldehyde (1 mM) has no inhibitory effect on succinate oxidation 
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by rat brain mitochondria with or without DPN, and little on a-ketoglu- 
tarate oxidation under the same condition. The respiratory rate of the 
mitochondria in the presence of DPN and L-glutamate is, however, affected 
by acetaldehyde. 

It is evident that the behavior of acetaldehyde (or n-valeric aldehyde) on 
brain respiration in vitro resembles that due to a number of narcotics. It 
is far more active than the alcohols (apart from m-pentanol), and shows more 
vigorous effects in its ability to attack mitochondrial respiration. 
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THE EFFECTS OF ALIPHATIC ALCOHOLS ON THE RESPIRATION 
OF RAT BRAIN CORTEX SLICES AND 
RAT BRAIN MITOCHONDRIA! 


C. T. BEER AND J. H. QuASTEL 


Abstract 


A study has been made of the effects of a series of aliphatic alcohols (ethanol, 
n-propanol, isopropanol, n-butanol, and m-pentanol) on the respiration of rat 
brain cortex slices in the presence or absence of 0.1 M KCl. The respiration of 
rat brain cortex slices incubated in presence of 0.1 M KCl is found to be much 
more sensitive to the alcohols than that of the tissue incubated in absence of the 

added potassium ions. The inhibitory effects of the alcohols increase markedly as 
the length of the carbon chain increases and with increase of their concentrations. 
The stimulation of brain cortex respiration by addition of 0.1 M KCl is dimin- 
ished or abolished by concentrations of the alcohols that have little effect on the 
unstimulated respiration. m-Pentanol is far more effective than ethanol in effect- 
ing an inhibition of potassium-stimulated brain cortex respiration. The inhibi- 
tive effects of the alcohols at low concentration on potassium-stimulated brain 
cortex respiration are not due to a gradual denaturation of tissue proteins. 
The data point to a rapid establishment of equilibria between the alcohols and 
components influencing brain respiratory systems. Brain mitochondrial respira- 
tion is relatively insensitive to concentrations of alcohols that considerably 
depress potassium-stimulated respiration of rat brain cortex slices. It is sug- 
gested that the alcohols exercise their inhibitory effects on brain cortex respira- 
tion at the brain cell membranes. 


The results of recent investigations (4) have shown that the addition of 
ethanol at small concentrations to rat brain cortex slices respiring in a glucose- 
phosphate medium brings about a diminution of the respiration when this 
has been stimulated by the presence of 0.1 M potassium chloride. Potassium- 
stimulated respiration of rat brain cortex slices is, indeed, much more affected 
by ethanol at low concentrations than the normal respiration. These con- 
centrations are of the same order as those necessary to bring about the 
narcotic state in the rat. The behavior of ethanol is similar in this respect 
to that brought about by narcotics such as Luminal or Pentothal or chloretone. 
These results with ethanol have been confirmed by Fischer (2), who found that 
0.25 M ethanol suppresses the increased oxygen consumption of rat brain 
cortex slices due to excess potassium ions with but little effect on the unstimu- 
lated oxygen consumption. With ethanol concentrations as low as 0.4 M he 
observed a small but definite depression of the excess respiration after 60-90 
minutes exposure to the alcohol. He concluded that under the conditions 
of his experiments with rat brain slices the excess respiratory metabolism of 
the brain slices caused by the addition of potassium ions in vitro has about the 
same sensitivity to ethanol as brain in vivo. These results may be contrasted 
with those of Wolpert et al. (13), who found little or no inhibitive effects of 
aliphatic alcohols at low concentrations on the respiration of rat brain mito- 
chondria. The alcohols differed in this respect from a narcotic such as 
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Nembutal, which shows, at narcotic concentrations, a depression of fumarate- 
stimulated rat brain mitochondrial respiration (9). 

We have carried out studies of the effects of aliphatic alcohols on the respira- 
tion of rat brain cortex slices both in normal glucose—Ringer media and in 
media in which potassium ions have been added to secure a stimulated respira- 
tion, and also on the respiration of rat brain mitochondria. Results of these 
studies are described in this communication. 


Experimental Procedure 

The brains of adult female hooded rats (of about 150 g. weight) were trans- 
ferred quickly, after sacrifice of the animals, into ice-cold phosphate—Ringer 
solution (11). Slices were cut from the brain cortex of each rat with a Stadie— 
Riggs microtome, care being taken to ensure that the slices were not more 
than 0.3 mm. thick. Considerable caution must be taken in preparing brain 
slices as the respiratory response to the addition of potassium chloride is 
critically dependent on the tissue thickness. Slices must not be so thin that 
they may disintegrate during the course of an experiment; otherwise little or 
no potassium effect is seen. 

Studies of respiratory activities were made using the conventional Warburg 
manometric apparatus at 37° C., potash (0.2 ml. 20%) being placed on a roll 
of filter paper in the center well to absorb CO... As a rule 50-70 mg. brain 
cortex tissue were used in each Warburg manometer vessel. At the end of 
each experiment the tissue was removed, washed with water, dried at 110° C. 
for 4 hours, and weighed. Respiratory data were calculated on the dry 
weights so obtained. Phosphate—-Ringer medium (11) was used for all res- 
piratory studies, 0.01 M glucose being also present except where otherwise 
stated. Experiments were set up in duplicate. The vessels were gassed with 
oxygen for 5 minutes and equilibrated at 37° before readings of the rate of 
oxygen consumption were taken. The duplicate vessels were set up with or 
without the addition of 0.1 M@ KCl to the medium. A solution of the alcohol 
under investigation was placed in the side arm of the manometer vessel and 
tipped into the main vessel containing the tissue 30 minutes after incubation 
began. After about eight minutes to establish equilibrium, readings of the 
rate of oxygen uptake were again taken. Occasionally the conditions were 
such that the alcohol was present in the main vessel, together with the brain 
tissue, from the beginning of the experiment, and KCI solution was tipped 
from the side arm after 30 minutes incubation. Sometimes, the potassium 
chloride and ethanol were added at the same time to the brain tissue. These 
variations of experimental procedure resulted in approximately the same results 
concerning the sensitivity of rat brain cortex respiration to ethanol. 

The alcohols were redistilled before use, the samples employed for making the 
stock solutions of alcohols being taken after a relatively large proportion of the 
alcohol had been distilled in order to minimize the possibility of contamination 
by the more volatile aldehydes. This is particularly important with ethanol, 
as the presence of traces of acetaldehyde may result in abnormally large 
sensitivities of brain cortex respiration to the alcohol. 
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Brain Mitochondria 

The brains of adult female hooded rats were used for the preparation of 
brain mitochondria. Immediately after sacrifice of the animals, the brains 
were transferred to ice-cold 0.25 M sucrose solution. All subsequent opera- 
tions were carried out as near 0° C. as possible. The cerebral hemispheres of 
four brains were freed of adjacent structures and homogenized with 9 ml. 
0.25 M sucrose solution in a Potter-Elvehjem apparatus using a loosely fitting 
glass pestle. The homogenizing operation was usually limited to one or two 
slow vertical movements of the rotating pestle. The homogenate was centri- 
fuged for 10 minutes at 1600 g and the residue discarded. The supernatant 
fluid was centrifuged for 10 minutes at 14,500 g and the residue was suspended 
in 0.25 M sucrose solution and centrifuged again for 10 minutes at 14,500 g. 
This washing procedure was repeated once more. The final residue was 
suspended in 5.5 ml. 0.25 M sucrose solution and aliquots were pipetted into 
chilled Warburg manometer vessels which contained the other components 
of the respiratory system. Unless otherwise stated, each of the vessels con- 
tained 3 ml. of a medium of the following composition: 6.710-* M MgSO,, 
2x10 M Na,HPO.-NaH2PO, buffer solution pH 7.4, 10-* M adenylic acid 
(K salt), 3.3X10-? M KCl, 500 wg. cytochrome c; 0.7 ml. mitochondria sus- 
pension in 0.25 M sucrose solution. Substrates, cofactors, and other addi- 
tions were made as indicated in the text or tables. 

Respiratory measurements with the mitochondria were made at 37° in an 
atmosphere of air. Immediately after the addition of the mitochondria 
suspension, the manometer vessels were placed in the bath at 37° and the first 
readings of the rate of oxygen consumption were taken after 10 minutes 
allowed for equilibration. 


Results 
Brain Cortex Slices 
Ethanol 


Representative results showing the effects of addition of 0.4 M ethanol to 
rat brain cortex slices respiring in a glucose-phosphate-Ringer medium in 
presence and absence of 0.1 M KCl are shown in Fig. 1. In these experiments, 
the potassium chloride and ethanol were added at the same time to the brain 
tissue. The results show that the presence of the ethanol increases the rate 
of oxygen consumption of the unstimulated brain respiration and decreases 
the rate of potassium-ion-stimulated brain cortex respiration. The presence 
of ethanol, in effect, decreases markedly the stimulation of respiration due to 
potassium. The decrease, amounts in the results quoted in Fig. 1 (at 60 
minutes) to 52%. Another set of results, obtained with 0.6 M ethanol, is 
shown in Fig. 2. Here it will be observed that the increase in respiration 
of the unstimulated rat brain cortex slices due to ethanol is smaller than that 
seen in Fig. 1 and that the decrease in respiration of the potassium-stimulated 
rat brain cortex slices due to the alcohol is greater than the corresponding 
value seen in Fig. 1. The decrease caused by ethanol in the stimulation of 
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Fic. 1. Effects of addition of 0.4 M ethanol, 0.1 M KCI, and a mixture of 0.1 M KCl 
and 0.4 M ethanol on the rate of oxygen consumption of rat brain cortex slices. 


respiration effected by potassium amounts, in the values quoted in Fig. 2 
(at 60 minutes), to 68%. With 0.8 M ethanol the inhibition of potassium- 
stimulated respiration amounts to 99%. 


Propanol and Isopropanol 

Representative results obtained with 0.2 M n-propanol are presented in 
Table I which shows the change of Qo, with time. The propanol was added 
after 30 minutes incubation. In contrast to results obtained with ethanol, 
the addition of m-propanol (and higher aliphatic alcohols) does not lead to an 
increased rate of respiration of rat brain cortex slices. There is, in fact, usually 
a very small drop in respiratory rate. In the presence of added potassium 
chloride (0.1 M), the propanol (0.2 M) exercises a large inhibition of the stim- 
ulated respiratory rate. In fact the presence of the potassium ions seems to 
render the brain tissue so sensitive to propanol that a lower rate of respiration 
than the unstimulated rate is obtained. 
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Fic. 2. Effects of addition of 0.6 M ethanol, 0.1 M KCl, and a mixture of 0.1 M KCl 
and 0.6 M ethanol on the rate of oxygen consumption of rat brain cortex slices. _ 


A comparison of the effects of m-propanol and isopropanol shows that the 
two alcohols, under the given experimental conditions, behave in an apparently 
identical manner with rat brain cortex. Results, showing the behavior of the 
two alcohols when added to the brain tissue (with or without added KCl) 
after 30 minutes incubation, are given in Table I. It will be seen that with 
both alcohols at a concentration of 0.2 M, the potassium stimulation of brain 
respiration is eliminated, and that the respiratory rate in presence of the 
alcohols and KCl is somewhat lower than the unstimulated respiratory rate 
in absence of the alcohols. 


n-Butanol and n-Pentanol 

Typical results, obtained after the addition of n-butanol (0.1 M), of the 
respiratory rates of rat brain cortex slices in the presence and absence of 0.1 M 
KCI are shown in Fig. 3. They show that m-butanol at a concentration of 
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TABLE I 


RATES OF RESPIRATION OF RAT BRAIN CORTEX IN PRESENCE OF -PROPANOL 
AND ISOPROPANOL AND IN PRESENCE AND ABSENCE OF 0.1 M KCl 


n-Propanol and isopropanol were added after 30 minutes’ incubation. 
<Cl was present from start of experiment 








Values of Qo, 





Control n-Propanol, 0.2 M Isopropanol, 0.2 M 
Time intervals . 2 








after addition No added 0.1 M No added 0.1M Noadded 0.1 M 
KCl KC KCl KCl 

















of alcohol, min. l KCl KCl 
0-10 16.0 21.8 13.3 15.6 16.2 15.6 
10-20 14.4 18.8 14.1 13.2 13.8 12.9 
20-30 14.0 17.6 1s.5 12.0 13.5 a4.7 
30-40 13.2 16.8 13.2 11.4 13.0 1.3 
40-50 12.8 15.8 12.0 10.8 ig.o 10.8 
50-60 $2.3 15.0 11.7 10.2 12.5 9.9 
22r 
X Tissue Contro| 
. o " +O-1M KCI 
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Fic, 3. Effects of addition of 0.1 M n-butanol on the respiration of rat brain cortex 
slices in the presence or absence of 0.1 M KCl. 
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0.1 M exercises a small depression of the unstimulated respiratory rate, and a 
large diminution of the potassium-stimulated rate of respiration. Not only 
is the potassium stimulation completely eliminated by 0.1 M butanol, but the 
rate of respiration in the presence of the butanol and potassium ions is con- 
siderably lower than the rate of unstimulated respiration in the presence or 
absence of the alcohol. As noted with propanol, the presence of excess 
potassium ions sensitizes the brain tissue to m-butanol so that lower rates 
of respiration are obtained than in the absence of added potassium or of the 
alcohol. 

A similar phenomenon is observed with n-pentanol, except that the brain 
tissue respiration is more sensitive to m-pentanol than to m-butanol. 


Comparison of Effects of Ethanol, n-Propanol, n-Butanol, and n-Pentanol 

As the length of the carbon chain in the series of aliphatic alcohols increases, 
the sensitivity of stimulated rat brain cortex respiration to the alcohol also 
increases. Results showing the relative inhibitory effects of ethanol, ”-pro- 
panol, m-butanol, and m-pentanol on the total potassium-stimulated brain 
cortex respiration are given in Fig. 4, where the percentages of the stimulated 
respiration obtained in presence of the alcohols are plotted against the alcohol 
concentrations. The plots are semilogarithmic. It should be noted that n- 
pentanol greatly exceeds n-butanol in inhibitive potency, whilst the latter has 
effects greater than those of m-propanol and ethanol. m-Pentanol exerts at a 
concentration of 0.005 M the same percentage inhibition as ethanol at 0.5 M. 
The inhibitive powers of the alcohols increase rapidly with their concentrations; 
only a small difference in concentration of n-butanol or m-pentanol brings about 
a relatively large change in the inhibitory effects of the alcohol. 
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Fic. 4. Relative inhibitive effects of ethanol, n-propanol, n-butanol, and n-pentanol 
(molarity ex — logarithmically) on the respiration of rat brain cortex slices in presence 
of 0.1 MK The value of Qo, in the absence of any alcohol is 100%. 











550 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


TABLE II 


EFFECTS OF ALIPHATIC ALCOHOLS ON THE RESPIRATORY ACTIVITIES OF RAT BRAIN CORTEX 
SLICES IN PRESENCE AND ABSENCE OF 0.1 M KCl 








Percentages of potassium-stimulated respiratory rates 











Ethanol n-Propanol n-Butanol n-Pentanol 
With No With No With No With No 
Alcohol added added added added added added added added 
molarity KCl KCl KCl KCl KCl KCl KCl KCl 
0 100 62 100 75.5 100 79.5 100 79.5 
0.005 87 78.5 
0.01 73.5 71 
0.025 92.5 81.5 52 63 
0.05 91.5 72 79.5 79.5 26.5 29 
0.1 82 68.5 49.5 42.5 
0.2 96 66 72 3 11 
0.4 92 79 
0.6 81 69 





The results of separate sets of experiments on the effects of alcohols on 
brain cortex respiration, in the absence and presence of 0.1 M KCI, are shown 
in Table II. In this table, values of respiratory rates calculated on the basis 
of the potassium-stimulated rate (in absence of alcohol) as 100 are given. The 
respiratory rates are those obtained in the interval 10-30 minutes after addi- 
tion of the alcohol to the brain tissue, which had already been incubating in 
the presence of 0.1 M KCI for 30 minutes. 

The values, quoted in Table II, demonstrate not only the increased inhibitory 
powers of the alcohols on brain respiration as the length of the carbon chain 
increases, but the large increases of inhibitory power, with length of the carbon 
chain, on the potassium stimulation itself. Thus the concentrations of the 
higher alcohols which completely eliminate the effect of potassium ions in 
stimulating brain respiration are approximately 0.15 M for n-propanol, 0.05 
M for n-butanol, and 0.01 M for n-pentanol. 

The shapes of the representative curves shown in Figs. 1,2,3 do not support 
the suggestion that the alcohol effects are due to a gradual denaturation of 
the tissue proteins. 

The relatively steady rates of oxygen consumption obtained in the presence 
of the alcohols, the inhibitions being obvious from the start of the experiments, 
point to the establishment of equilibria between the alcohols and components 
of the brain respiratory systems. 


Brain Mitochondria 


Results given in Table III show that optimal respiratory rates of rat brain 
mitochondria in the presence of sodium pyruvate as substrate are obtained 
when small quantities of sodium L-malate (6.7 X10-* M), diphosphopyridine 
nucleotide (DPN) (2.5X10-* M), and adenosine triphosphate (ATP) (5 10-* 
M) are also present (see also 1b). Neither ATP nor DPN affects markedly the 
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TABLE III 


INFLUENCE OF DPN Anp ATP ON RAT BRAIN MITOCHONDRIAL RESPIRATION 
IN PRESENCE OF PYRUVATE, WITH OR WITHOUT MALATE 








bl. O2 consumed in 30 minute intervals 





0-30 30-60 60-90 90-120 





Substrates and cofactors added min. min. min. min. 
None 20 15.5 + 5 
DPN 27 16 16 8 
ATP 28.5 17.5 14 8.5 
DPN+ATP 28.5 18.5 14.5 10 
Pyruvate 39 36 32.5 21.5 
Pyruvate+DPN 70 41.5 70.5 19 
Pyruvate+malate 101 69 57 42 
Pyruvate+malate+ DPN 172 151 76 35 
Pyruvate+malate+ATP 162 92 75 58 
Pyruvate+malate+DPN+ATP 207 178 96 39 





Note: DPN =diphosphopyridine nucleotide, 2.5X10-* M; ATP =adenosine triphosphate, 
5X10-3 M; pyruvate =sodium salt 6.7X10-* M; malate=sodium salt 6.7 X10 M. 


feeble respiration of brain mitochondria in absence of added substrate. ATP 
and DPN, however, greatly increase the rate of oxygen uptake in the presence 
of pyruvate and malate. Both substances together increase the respiratory 
rate still further, but their effects are not additive. The effect of DPN is not 
only to increase the respiratory rate in the presence of pyruvate (+ malate) 
but to maintain the rate at the higher value for a longer period than in its 
absence. The enhancing effect of DPN addition on the respiration of brain 
mitochondria in the presence of pyruvate has been described by Weinhouse 
(12). The addition of ethanol (0.2 M or 0.5 M) to rat brain mitochondria 
brings about no significant effect on the respiratory rate. Representative 
results are shown in Fig. 5, where the effects of 0.5 M ethanol on mitochondrial 
respiration with pyruvate, or a pyruvate—malate mixture, as substrate may 
be seen. Possibly the ethanol brings about a small inhibition of the pyruvate— 
malate system. 

The addition of m-pentanol has also but little effect on brain mitochondrial 
respiration. Ten millimolar n-pentanol exercises no inhibition, within the 
experimental error, on the respiration of the mitochondria in the absence or 
presence of pyruvate, but an inhibition of the order of 15% is found on the 
pyruvate—malate system (see Fig. 6). The addition of DPN and ATP to 
the system brings about no sensitization of the system to 10 mM pentanol. 
This lack of inhibitory power by pentanol on brain mitochondrial respiration, 
in the presence of pyruvate and malate when stimulated by the addition of 
DPN or ATP, is shown in representative results given in Table IV. No 
progressive inhibitory effect of the alcohols on the brain mitochondrial respira- 
tion takes place, so that it is clear that no toxic metabolite of the alcohols 
gradually accumulates. 
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Fic. 5. Effects of 0.5 M ethanol on respiration of rat brain mitochondria. 

Ordinate: ul. oxygen consumed. 

Abscissa: time in minutes. 
Mitochondria+6.7X10-* M sodium pyruvate+6.7 X10-* M sodium malate. 
nr M sodium pyruvate+6.7 X10-* M sodium malate+0.5 M 
ethanol. 

. Mitchondria+6.7 X10-* M sodium pyruvate+0.5 M ethanol. 

. Mitochondria+6.7 X 10-* M sodium pyruvate. 

Mitochondria. 

Mitochondria +0.5 M ethanol. 
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The remarkable lack of sensitivity of rat brain mitochondrial respiration to 
such relatively high concentration of alcohols as 0.5 M ethanol or 0.01 M 
pentanol may be contrasted with the sensitivity of rat brain mitochondrial 
respiration to 5mM Nembutal (9) or with the sensitivity of brain cortex slice 
respiration to these alcohols. The results given in Figs. 5 and 6 are in agree- 
ment with those of Wolpert e¢ a/. (13), who also report that the alcohols bring 
about no inhibition of oxidative phosphorylation by the brain mitochondria 
system. 
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Fic. 6. Effects of 0.01 M n-pentanol on respiration of rat brain mitochondria. 
Ordinate: pl. oxygen consumed. 
Abscissa: time in minutes. 
Mitochondria +6.7 X10-* M sodium pyruvate+6.7 X10-* M sodium malate. 
. Mitochondria+6.7 X10-* M sodium pyruvate+6.7 X10-* M sodium malate+0.01 
M n-pentanol. 
. Mitochondria +6.7 X10 M sodium pyruvate. 
. Mitochondria+6.7 X10 M sodium pyruvate+0.01 M n-pentanol. 
. Mitochondria or mitochondria +0.01 M n-pentanol. 
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TABLE IV 


EFFECTS OF 1-PENTANOL (10 mM) ON THE OXYGEN CONSUMPTION OF 
RAT BRAIN MITOCHONDRIA 








pl. O2 consumed in 20 minute periods 











0-20 min. 20-40 min. 40-60 min. 
Components present No + No + No + 

with mitochondria alcohol Alcohol alcohol Alcohol alcohol Alcohol 
Pyruvate +malate 82 75.5 61 55.5 41 38 
Pyruvate+malate+DPN 108.5 115 107.5 106 90 96 
Pyruvate+malate+ATP 104 92.5 63 61 47 41 
Pyruvate+malate+DPN+ATP 138 128.5 112 103.5 90 83 





Norte: Pyruvate (Na)=6.7X10* M; malate (Na)=6.7X10-' M; DPN=2.5X10- M; 
ATP=5 X10 M. 
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Discussion 


The results of these enquiries into the effects of ethanol and higher aliphatic 
alcohols on rat brain cortex respiration show that these alcohols, at concentra- 
tions that have little or no inhibitive effect on the unstimulated brain respira- 
tion, have marked inhibitory effects on the respiration when this has been 
stimulated by the addition of 0.1 M potassium chloride. These results con- 
firm earlier observations (4, 2) on the effects of ethanol on potassium-stimulated 
brain respiration and indicate that the alcohols behave in this respect like 
narcotics such as the barbiturates or chloretone (4). 

Moreover, the inhibitory effects of ethanol on potassium-stimulated rat 
brain cortex respiration occur at concentrations that are not far removed 
from the pharmacologically active concentrations. It is known, for example, 
that for adult rats the lethal dose of ethanol (administered by intraperitoneal 
injection) is about 6 g./kg. and for newborn rats the lethal dose is more than 
8 g./kg. (5). Experience shows that 5-10 ml. ethanol/kg. produces acute in- 
toxication in the rat. There is no doubt that the rat is more resistant than 
man to the narcotic and toxic effects of alcohol. The blood alcohol concentra- 
tion of rats receiving an intoxicating dose of ethanol may well be above 0.2 M. 
The oral lethal dose of alcohols to rabbits is 9.5 g./kg. (1) and to mice (by sub- 
cutaneous injection) is 4.7 g./kg. (11a). It is evident that in correlating effects 
of ethanol or other alcohols on enzymatic activities of the nervous system with 
their pharmacodynamic effects in vivo the species of animal should be taken 
into consideration. 

The sensitivity to alcohols of brain cortex respiration, stimulated by potas- 
sium ions, makes the problem of the mechanism of the potassium activation of 
considerable importance. This suppression of potassium stimulation of brain 
cortex respiration applies to the central narcotics (4), to local anaesthetics (3), 
to chlorpromazine (7), and to depressants of the glutarimide type (8). It is 
known that whereas the respiration of normal brain cortex in the presence of 
glucose is but little affected by the presence of malonate, potassium-stimulated 
brain cortex respiration is highly malonate sensitive (6, 14). This result 
indicates that the presence of potassium, in some excess in the medium, 
stimulates the citric acid cycle of operations in brain respiration or some pace- 
making step associated with this cycle. Neither potassium stimulation nor 
malonate inhibition occurs in brain homogenates respiring in glucose media. 
The conclusion that the stimulating action of potassium ions on brain cortex 
respiration is concerned with an activation of the citric acid cycle of operations 
is consistent with the fact that the rate of formation of carbon dioxide from 
glucose in brain is greatly increased by the presence of potassium with a 
corresponding increase in oxygen utilization (8). It may be recalled (5) that 
the magnitude of the potassium activating effect on rat brain cortex respiration 
depends on the age of the animal. It increases from the time of birth to 40 
days of age. Tyler (10) showed an increasing inhibition of cerebral meta- 
bolism by malonate during the first 10 days of postnatal life. These results 
are consistent with the conclusion that the citric acid cycle, in brain respira- 
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tion, becomes more prominent with advancing age of the brain, addition of 
potassium ions showing increasing accelerative effects, and that of malonate 
showing increasing inhibitive effects on the brain cortex respiration. 

The inhibitory effects of alcohol and other narcotics on potassium-stimulated 
brain cortex respiration would be explicable if their activities were located at a 
pacemaking step in the citric acid cycle. Such a conclusion would also be 
consistent with the fact that alcohol and pentobarbital have smaller inhibitive 
effects on the respiration of infant brain than on that of adult rat brain (5). 

The mitochondrial respiration is relatively insensitive to concentrations of 
alcohols that considerably depress potassium-stimulated respiration of rat 
brain cortex. For example, 10 mM n-pentanol brings about 40% inhibition 
of the total potassium stimulated respiration of rat brain cortex, but only about 
10% inhibition of rat brain mitochondrial respiration examined under optimal 
conditions. It should be emphasized that the mitochondria are respiring in 
media containing a high potassium ion concentration. Since the possibility 
that the alcohols may exert their inhibitory effects by oxidation in the brain 
cell to the corresponding aldehydes is excluded (1a), it is clear that the alcohols 
must exercise their inhibitive effects on brain cells at sites other than the mito- 
chondria. The cell membranes seem to be the most likely site where the 
alcohols act. If this is true, it must be concluded that either a significant 
proportion of the brain cell respiration takes place at the brain cell membranes 
(and that the potassium activating effect is also largely located at the cell 
membranes) or that the alcohols exert their effects by blocking the entry of 
substrates into the stimulated brain cell. The former conclusion is consistent 
with the fact that no potassium activation (or malonate inhibition) of brain 
respiration is seen in brain homogenates, whose respiratory activities are also 
less sensitive to the action of narcotics. The results quoted in this paper do 
not support the view that the alcohols exercise their effects by irreversible 
denaturation of tissue proteins (13); otherwise it would have been expected 
that progressive inhibition with time would take place and that inhibitive 
effects on brain mitochondrial respiration would also be seen at alcohol con- 
centrations that affect brain cortex respiration. Neither of these effects is 
seen and it may be concluded that the alcohols produce equilibrium conditions 
at some site probably located in the brain cell membranes. 
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THE EFFECTS OF DIETARY ZINC DEFICIENCY ON 
THE REPRODUCTIVE SYSTEM OF MALE RATS! 


M. J. Mizar, M. I. FiscuHer, P. V. ELcoATE, AND C. A. MAWSON 


Abstract 


Dietary zinc deficiency produced by feeding a zinc-poor diet (0.5 ug. zinc 
per g.) to weanling rats for 8 weeks caused marked retardation in body growth, 
depressed growth and development of testes, epididymes, accessory sex organs, 
and pituitary glands, and in many cases severe atrophy of testicular germinal 
epithelium. The zinc concentration of dorsolateral prostates, testes, epididymes, 
and bone was reduced in zinc-deficient rats compared with controls receiving the 
zinc-poor diet plus 100 ug. zinc daily. - Restricted feeding of the zinc-supple- 
mented diet to produce body weights comparable to those in zinc-deficient rats 
caused a reduction in pituitary gland and accessory sex organ size which was 
similar to that observed in zinc-deficient rats. Testis growth and development 
were normal in the restricted controls and did not differ from controls fed ad 
libitum. The zinc concentration of dorsolateral prostates was reduced in 
restricted controls but exceeded that in the zinc-deficient rats. All the observed 
changes produced by zinc deficiency except the testicular atrophy were reversed 
when zinc was replaced in the diet. If testicular atrophy had occurred, neither 
testis nor epididymis regained normal size, function, or zinc concentration. 


Introduction 


As early as 1921 Bertrand and Vladesco (1) suggested that zinc may be 
involved in male reproductive functions. They found greater than average 
levels of zinc in some genital tissues and in particular the prostate glands of 
man, bulls, and pigs. Mawson and Fischer (6, 7, 8, 9, and 10), using more 
reliable analytical methods along with autoradiographic and histochemical 
studies, have shown that very high concentrations of zinc occur in the prostate 
glands of the rat, rabbit, and man and in human seminal fluid and spermatozoa. 
In the rat prostate, zinc was found to be concentrated in the lateral extremities 
of the dorsolateral lobe and it has been shown that the normal accumulation 
and maintenance of zinc in this gland is largely controlled by the male sex 
hormone, testosterone. The concentration of zinc is very low (similar to 
most other soft tissues) in the dorsolateral prostates of very young rats and 
increases to normal high levels between the ages of 30 and 100 days (3). We 
have found that injections of testosterone or gonadotrophins markedly in- 
creased the rate of zinc accumulation in the dorsolateral prostates of young 
rats (11). Gunn and Gould (5) have reported that, while castration in male 
rats caused a reduction in the rate of zinc-65 uptake by this gland, injections 
of testosterone would maintain the normal rate of uptake of the administered 
isotope. 


Follis, Day, and McCollum (4), studying the histological changes produced 
by dietary zinc deficiency in rats, reported that atrophy of the seminiferous 
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tubules of the testes occurred in some zinc-deficient rats. However, they as- 
sumed this to be a result of the concurrent inanition rather than of the zinc 
deficiency per se. In view of the high concentration of zinc in sperm and the 
known endocrine~-zinc relationships in the dorsolateral prostate it seemed that 
further and more detailed research into the effects of zinc deficiency might 
provide information on the function of zinc in these organs. Thus we have 
carried out experiments to determine the effect of zinc deficiency and of 
comparable inanition, produced by feeding reduced amounts of an adequate 
diet, on the size, histological appearance, and zinc concentration of the male 
reproductive organs and related tissues of the rat. This work has been ex- 
tended to determine the effects of zinc replacement and of administration of 
certain hormones on these tissues in zinc-deficient male rats. The present 
communication will be limited to the findings for zinc deficiency, inanition, 
and zinc replacement. Studies involving hormone administration will be 
described in a later publication. 


Materials and Methods 
Preparation of Diet 

A modified form of the diet described by Day and McCollum (2) was used 
and is presented below: 

sucrose 66.0 g.; casein hydrolysate? 15.0 g.; dried egg white 3.0 g.; fat? 
10.0 g.; salt mixture 5.74 g. (NasCO;.H.O 0.95 g.; CaHPO;.2H2O 2.15 g.; 
KCI 1.52 g.; MgSO,4.7H:O 0.98 g.; FeSO..6H2O 0.095 g.; MnSO,.4H20 0.04 g.; 
CuSO,.5H,O 0.01 g.); B vitamins 0.29 g. (choline chloride 200 mg.; thiamine 
hydrochloride 1.0 mg.; riboflavin 2.0 mg.; nicotinic acid 12.0 mg.; pyridoxine 
1.0 mg.; calcium pantothenate 10.0 mg.; biotin 0.005 mg.; folic acid 0.4 mg.; 
inositol 50.0 mg.; para-aminobenzoic acid 10.0 mg.); Oleum Percomorph‘ 
two drops to supply 2500 I.U. vitamin A and 360 I.U. of vitamin D; menadione 
1.0 mg.; alpha tocopherol 30.0 mg. 

The B vitamins, except choline chloride, were mixed with sucrose (8.6 g. 
vitamin mixture with 91.4 g. sugar) and added to the diet as part of the sucrose 
portion (1 g. per 100 g. diet). Choline chloride was added separately to the 
whole diet. Fat-soluble vitamins were dissolved in the melted fat portion 
before incorporation into the diet. 

A mineral supplement was made up of the following compounds in suspension 
with 40 ml. distilled water of which 0.1 ml. was administered by mouth twice 
weekly: KI 60 mg.; 3CdSO,.8H.O 96 mg.; (NH4)sMo7Oe.4H:O 76 mg.; 
NasHAsO,;.7H.O 59 mg.; NaF 3 mg.; CoCle.6H:O 25 mg. 

Zinc was removed from the main dietary ingredients by extraction with 
diphenylthiocarbazone, or in the case of some salts by recrystallization, ac- 
cording to the procedures outlined by Day and McCollum (4). However, 
we found freeze-drying of the zinc-free ‘‘Amigen’”’ solutions preferable to the 
drying method used by Day and McCollum. The commercial vegetable fat 

2Casein hydrolysate—‘‘Amigen’”—Mead Johnson & Co., Evansville, Ill. 


’Fat—hydrogenated vegetable fat ‘‘Crisco’-—Proctor and Gamble, Hamilton, Ont. 
‘Oleum Percomorph—Mead Johnson of Canada Ltd., Belleville, Ont. 
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and egg white contained negligible amounts of zinc and required no treatment. 
The vitamins and mineral supplement, in the amounts used, were also vir- 
tually zinc-free. 

Utensils for the preparation of the diet were of stainless steel or Pyrex glass. 
The glassware was made zinc-free before use by immersing in 2 N nitric acid 
for 6 hours and rinsing very thoroughly with zinc-free distilled water. Stain- 
less steel equipment was immersed briefly (15 to 30 minutes) in 2 N nitric acid 
and rinsed with distilled water. 

The purified diet contained between 0.2 and 0.5 yg. zinc per g. 


Animal Experiments 

Maintenance 

Rats of a hooded strain were used. They were kept in groups of three or 
four to a cage in a small room ventilated with filtered forced air and separate 
from the stock colony. Cages were of stainless steel, water bottles of Pyrex 
glass, and feeding dishes of aluminum with stainless steel covers. Cages were 
changed every day or second day, washed with hot water through which steam 
was passed, and rinsed with distilled water. Water bottles and feeding dishes 
were. cleaned as described for utensils used in diet preparation. Care was 
taken to avoid unnecessary handling of the animals. 


Procedure 

Weanling male rats (26 to 35 days) were used in all the experiments to be 
described and were fed the zinc-poor diet throughout. Control rats received 
in addition a daily oral supplement of 100 or 200 yg. of zinc as ZnSO,.H,O 
in 0.1 or 0.2 ml. water. At the end of the experiments, the rats were anaes- 
thetized and killed by exsanguination. Tissues for zinc estimation were 
weighed, dried, and ashed at 480° C. in platinum dishes. Zinc was determined 
by the method of Vallee and Gibson (13). Tissues for histological study were 
fixed in Bouin’s fixative or in 10 parts of 40% formaldahyde diluted to 100 
with methyl alcohol or 0.85% saline solution. Sections were prepared by 
standard methods and stained with haematoxylin and eosin. In addition, 
dorsolateral prostate glands, fixed in methyl alcohol—formalin, were stained 
specifically for zinc by the method of Okamoto (12). Pituitary glands, fixed 
in saline-formalin, were stained with a modified periodic acid — Schiff glyco- 
protein stain described by Wilson and Ezrin (14). 


Experimental and Results 


Zinc-deficiency Studies 

Four 8-week feeding experiments have been carried out, involving a total 
of 22 zinc-deficient and 19 control male rats. The rats were weighed daily 
or every second day during the feeding period and after death weights were 
recorded for testes, epididymes, accessory sex organs, and, in some experi- 
ments, adrenals and pituitary glands. The zinc concentration of testes, epi- 
didymes, dorsolateral prostates, ventral prostates, adrenals, pituitary glands, 
and bone (fibula) was determined. Histological examinations were made 
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TABLE I 


NUMBER OF ZINC-DEFICIENT AND CONTROL RATS USED FOR ZINC ESTIMATIONS 
AND HISTOLOGY OF VARIOUS TISSUES 














Zinc estimation Histology 
Zinc-deficient Control Zinc-deficient Control 

Tissues rats rats rats rats 
Testes 22 19 22 19 
Epididymes 18 15 22 19 
Dorsolateral prostates 22 19 17 14 
Ventral prostates 12 9 6 6 
Seminal vesicles — — 6 6 
Adrenals 12 9 — — 
Pituitaries 12 9 4 4 
Bone 18 15 — _— 
Skin == — 18 15 
Esophagi = — 22 19 





of skin, esophagus, testis, epididymis, dorsolateral prostate, ventral prostate, 
seminal vesicle, and pituitary. Table I lists the number of zinc-deficient and 
control rats used for zinc estimations and the histology of the different. tissues 
given above. One testis and one epididymis was used for histology and the 
other for zinc estimation. The dorsolateral prostates were bisected trans- 
versely when material for both types of investigations was needed. It was 
necessary to pool individual samples of pituitaries and adrenals in each experi- 
ment in order to obtain sufficient material for accurate zinc determinations. 
Zinc estimations were carried out for these tissues in two experiments. 

The external symptoms of zinc deficiency and the pathological changes in 
skin and esophagus which were observed have confirmed the earlier findings of 
Follis, Day, and McCollum (4) for zinc-deficient rats. Briefly, these are 
marked growth retardation, graying of black hair, alopecea of the back and 
shoulders, and occasional open skin lesions. Histology of the skin showed 
acanthosis, loss of hair follicles, and retention and enlargement of the seb- 
aceous glands. Marked epithelial thickening and parakeratosis characterized 
the esophagi of zinc-deficient rats. Control rats grew well and showed none 
of the symptoms of zinc deficiency. No difference was observed between rats 
receiving 100 or 200 ug. zinc daily. 

All organs weighed were smaller in zinc-deficient rats than in controls 
receiving a zinc supplement. Zinc concentration, however, was reduced only 
in those tissues which normally contained over 20 yg. zinc per g. of fresh tissue. 
These included the testes, epididymes, dorsolateral prostate, and bone. Ven- 
tral prostate, adrenal, and pituitary glands were unchanged at concentrations 
of 10 to 20 wg. zinc per g. Mean weights and zinc concentrations of testes, 
epididymes, and dorsolateral prostate glands of zinc-deficient and control rats 
are given in Table II. Body weights and bone zinc concentration of these 
rats are also included. All changes observed were statistically significant. 
The reduction in zinc concentration of bone observed in these experiments 
was similar to that reported by Day and McCollum (2) for zinc-deficient rats. 
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TABLE II 


MEAN BODY AND ORGAN WEIGHTS AND ZINC CONCENTRATIONS OF TISSUES IN 
ZINC-DEFICIENT AND CONTROL RATS, WITH STANDARD ERROR OF MEAN 








Zinc concentration,* 








Weights,* mg. ug./g. wet weight 
Zinc-deficient Controls Zinc-deficient Controls 

Testis 

(single organ) 608 + 47.2 1452 + 43.9 13.6 + 0.73 23.2 + 0.74 
Epididymis 

(single organ) 144 + 14.7 402 + 11.2 15.9 + 0.66 39.1 + 1.79 
Dorsolateral 

prostate 62 + 6.3 167 + 8.8 36.6 + 2.39 110.8 + 9.22 
Bone — 79.0 + 7.48 133.9 + 9.12 
Body weight, g. is t= 3.7 258 + 4.8 _ — 





*All means calculated from 22 zinc-deficient and 19 control rats except epididymis and bone— 
18 zinc-deficient and 15 controls. 


Histology of the testes of rats after 8 weeks on the zinc-poor diet again 
confirmed the findings of Follis, Day, and McCollum (4). Partial or complete 
atrophy of the germinal epithelium had occurred in 17 of the 22 rats examined 
(Fig. 1). It was usually apparent from the occasional healthy tubule and from 
the presence of a few sperms in the epididymes that these testes had matured. 
Immature but apparently healthy testicular tissue (Fig. 2) was present in three 
zinc-deficient rats and the remaining two showed all stages of spermatogenesis 
with little evidence of degeneration. One of these, however, had probably 
very recently matured for no sperms were observed in the epididymes. The 
other had many sperms present in the epididymes but they were less numerous 
than in the controls. Control rats invariably had normal mature testes (Fig.3) 
with epididymes containing large numbers of sperms. Interstitial cells were 
present in the testes of all zinc-deficient rats and, except for decreased size, 
appeared normal. 

Evidence of depressed development (reduced height of epithelial cells, small 
acini, little secretion) was present in all accessory sex organs of the zinc- 
deficient rats but no other pathological changes were observed in these tissues. 
In the dorsolateral prostate glands of zinc-deficient rats, response to the zinc- 
specific stain was negative or only faintly positive. The control organs showed 
a marked positive reaction in the lateral extremities of the glands. This 
staining reaction is described in a paper by Fischer, Tikkala, and Mawson (3). 

Pituitary glands stained with a glycoprotein stain showed more of the cells 
identified as ‘‘gonadotrophs”’ and ‘‘thyrotrophs’” in the zinc-deficient rats 
compared with the control pituitaries. Testes from these zinc-deficient rats 
showed atrophy of the tubular epithelium. 

In brief summary, the effects of dietary zinc deficiency that we have observed 
in the reproductive system of the male rats are—(1) reduced size of all sex 
organs, (2) retarded development of the testes or, if maturation was attained, 
marked atrophy of the tubular epithelium, and (3) reduction in the zinc 
concentrations of testes, epididymes, and dorsolateral prostate glands. 
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Restricted Feeding Experiment 

In order to determine to what extent inanition contributed to the effects 
of dietary zinc deficiency, an experiment was carried out using both ad libitum 
and restricted feeding of control rats. Twelve male rats (26-28 days old) 
were divided among three cages of four rats each. Rats in one cage received 
the zinc-poor diet for 8 weeks. Total food intake and body weights were 
determined daily. The second cage of rats received the zinc-poor diet plus 
a daily supplement of 200 ug. of zinc. Daily food rations were measured out 
in amounts sufficiently reduced to produce growth rates equal to those ob- 
served for the first group of rats receiving no zinc supplement. The third 
cage of rats received the zinc-poor diet ad libitum plus 200 ug. zinc daily. In 
the last 4 weeks of the experiment, the mean daily food intake per rat was 8.3 g. 
for the zinc-deficient rats, 6.8 g. for the restricted-diet controls, and 15.7 g. 
for the controls fed ad libitum. 

When the animals were killed after 8 weeks, organ weights were obtained 
for testes, epididymes, dorsolateral prostates, ventral prostates, and pituitaries. 
Zinc analyses were carried out on testes and dorsolateral prostates and histo- 
logical sections were prepared of testes, epididymes, and pituitary glands. 

Table III gives mean body and organ weights for the three groups. Testis 
and epididymis weights were statistically the same in restricted and ad libitum 
controls while these organs in the zinc-deficient group were markedly reduced 
in size. However, dorsolateral prostate, ventral prostate, and pituitary glands 
were significantly smaller in the restricted controls compared with ad libitum 
controls and the mean weights of these glands did not differ significantly from 
those of the zinc-deficient rats. Histologically, testes of restricted and ad 
libitum controls appeared to be normal mature organs and the epididymes of 
these rats contained large numbers of sperms. Zinc-deficient rats had mature 
testes which had undergone marked tubular atrophy. The epididymes con- 
tained very few or nosperms. Pituitary glands in both control groups had a 
normal histological appearance while those of the zinc-deficient rats showed 
increased numbers of “‘gonadotroph”’ and “‘thyrotroph”’ cells. 


TABLE III 
ZINC-DEFICIENT RATS WITH RESTRICTED AND AD LIBITUM DIET CONTROLS 


Mean body and organ weights—four rats in each group 








Restricted controls Ad libitum controls 





(zinc-poor diet (zinc-poor diet 
Tissue Zinc-poor diet + 200 ug. Zn daily) + 200 wg. Zn daily) 
Body weights, g. 128 + 5 130 + 5.3* 279 + 14.8 
Testes, mg. 573 + 44.9* 1251 + 41.4 1383 + 180.5 
Epididymes, mg. 159 + 8.6° $21 + 17.9 373 + 40.1 
Dorsolateral 
prostate, mg. gy 6+ 11.0 86 + 12.0* 159 + 11.9 
Ventral prostate, mg. oe. = i.9° 121 * 43.7" 250 + 18.6 
Pituitary, mg. 58+ 6:4 6.4 + 0.30* 10.4 + 0.62 





*P <0.01 when compared with ad libitum controls. 











Fic. 1. Testis from zinc-deficient rat; complete destruction of germinal epithelium 
in most tubules. 100 

Fic. 2. Testis from zinc-deficient rat, immature. 100 

Fic. 3. Testis from control rat, testis normal. 100 


Millar et al.—Can. J. Biochem. Physiol. 
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The zinc concentration of the testes of restricted and ad libitum control 
rats was normal while the zinc-deficient rats had testes with a much-reduced 
zinc concentration. The values obtained for both control groups and the 
zinc-deficient rats were similar to those given in Table II and will not be 
repeated here. The dorsolateral prostate glands of restricted controls con- 
tained significantly less zinc than those of ad libitum controls. This reduction, 
however, was not as great as that observed in the dorsolateral prostate glands 
of the zinc-deficient rats. The mean values obtained for dorsolateral prostate 
zinc concentration (yg. zinc per g. wet weight) are given below with the stand- 
ard errors. 

Zinc-deficient rats 34.0 + 5.42 
Restricted controls 63.1 + 2.25 


Ad libitum controls 116.1 + 5.60 


These results have shown that in dietary zinc deficiency, simple inanition 
could be responsible for much or all of the observed growth depression of 
accessory sex organs and pituitary glands. On the other hand neither the 
testicular atrophy nor the cellular changes of the pituitary which were ob- 
served in zinc-deficient rats were produced in rats suffering from a comparable 
degree of inanition but receiving adequate zinc. Testes.from restricted con- 
trols were indistinguishable in size, histological appearance, and zinc concentra- 
tion from those of controls fed ad libitum. It is of general interest to note 
from this experiment that zinc deficiency not only depresses the appetite but 
reduces the efficiency of food utilization, for it was necessary to feed less to 
the restricted controls than was consumed by the zinc-deficient rats in order 
to maintain similar growth rates in both groups. 


Zinc Replacement Experiment 


An experiment was conducted to determine the ability of zinc-deficient rats 
to recover from the pathological effects of zinc deficiency when zinc was 
replaced in the diet. Ten rats (28-34 days old) were divided into two groups 
of five and fed the zinc-poor diet. Each group was housed in two cages of 
three and two rats each. One group received no zinc for 46 days and then an 
oral supplement of 100 yg. zinc daily per rat for the following 70 days (total 
feeding period—116 days). During the 46 days of zinc deprivation these 
rats developed severe zinc-deficiency symptoms. Recovery from zinc defi- 
ciency was based on the disappearance of external symptoms and the regaining 
of approximately normal body weights compared with the controls. The 
second group of five rats were the controls and received the zinc supplement 
throughout the 116 day feeding period. In order to determine the amount of 
testicular damage which had occurred due to zinc deficiency and to observe 
the changes that might be produced by replacing zinc in the diet, unilateral 
orchidectomy was performed on all 10 rats before zinc supplementation of the 
zinc-deficient group was begun at 46 days. The operation was successful in 
only four of the five zinc-deficient rats, for the testes were undescended in one 
rat (No. 5) and could not be expressed manually into the scrotum. The rat, 
however, underwent the same superficial surgery as the others. All rats 
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were killed at 116 days and dorsolateral prostates, pituitary glands, fibulae, 
and the remaining testes and epididymes were removed for weighing, histol- 
ogical examination, and zinc analysis. Testes obtained at orchidectomy and 
after death were weighed and cut in half, one section being processed for hist- 
ology, the other analyzed for zinc. The epididymes of zinc-deficient rats 
obtained at orchidectomy were weighed and analyzed for zinc. Those from 
the controls obtained at orchidectomy and from all rats obtained after death 
were weighed and a longitudinal section was cut from each end and processed 
for histology. The remaining portion was analyzed for zinc. The fibulae 
and the dorsolateral prostates were weighed and analyzed for zinc. Pituitary 
glands were weighed but no zinc estimations were done. 

The mean growth curves of zinc-replacement and control groups are pre- 
sented in Fig. 4. Zinc deficiency produced a very marked growth retardation 
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Fic. 4. Mean body growth of rats in the Zinc Replacement experiment. 
X Controls. Zinc-deficient diet + 100 ug. Zn/day for 116 days. 
© Zinc-replacement group. Zinc-deficient diet for 116 days. Zinc replacement 
(100 ug./day) begun after 46 days. 
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in this experiment but when zinc was replaced in the diet the zinc-deficient 
rats showed a dramatic and immediate return to the normal growth rate of the 
controls. Skin lesions disappeared within the first 7 to 10 days of zinc sup- 
plementation. Hair growth and the replacement of gray hairs with the normal 
black on head and back was slower and proceeded gradually for 50 to 60 days 
after zinc supplementation was started. By the end of the experiment the 
rats of the zinc-replacement group were indistinguishable from the controls 
except for their slightly smaller average size. 

Organ weights and tissue zinc concentrations are presented in Tables IV 
and V respectively. Individual results are given for the zinc-replacement 
group because the effect of zinc deficiency and the response to zinc replace- 
ment were not the same in each rat of this group. This applied also to the 
histological appearance of testes and epididymes. Mean values are given for 
the control rats. Testes and epididymes of control rats obtained by orchi- 
dectomy at 46 days had not yet reached adult size. However, on histological 
examination all testes were found to be mature. Sperms were observed in 


TABLE IV 
Zinc REPLACEMENT EXPERIMENT 


Organ weights, mg. 





























Testes Epididymes 
At t Dorsolateral 
Rat orchidectomy, At death, orchidectomy, At death, prostate, Pituitary, 
Group No. 46 days 116 days 46 days 116 days 116 days 116 days 
Zinc 264 1492 35 513 210 8.8 
replacement 
2 516 736 100 310 266 9.6 
3 354 1448 37 431 204 8.3 
+ 633 1491 58 438 180 _ 
5 Undescended 1372 Undescended 306 112 5.9 
Controls Means 1024 + 66 1551 + 23 72 + 10 485 + 12 236 + 26 8.9 + 0.5 
(5 rats) 
+ S.E. 
TABLE V 
ZINC REPLACEMENT EXPERIMENT 
Tissue zinc concentration, mg. zinc per g. fresh tissue 
Testes Epididymes 
At At Dorsolateral 
Rat orchidectomy, Atdeath, orchidectomy, At death, prostate, Bone, 
Group No. 46 days 116 days 46 days 116 days 116 days 116 days 
Zinc 
replacement 1 11.7 24.0 17.1 43.8 128.8 79.8 
2 12.5 18.9 15.8 23.0 188.7 79.8 
3 19.3 26.1 20.8 46.6 115.2 93.0 
4 20.1 27.6 17.4 44.2 180.6 91.0 
5 No sample 27.5 No sample 44.9 53.6 102.2 
Controls Fey 26.0 + 1.5 25.14 0.4 28.1 4 2.7 45.8 + 1.6 168.6 + 17.1 120.2 + 11.2 


5 rats) 
+S.E 
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histological sections of the epididymes but did not appear as numerous as 
would be expected in older rats. The zinc concentration of control testes 
was normal at 46 days but the zinc concentration of the epididymes was 
considerably below normal for adult rats. (Normal zinc concentrations of 
the testis and epididymis are given for control rats in Table II.) By the end 
of the experiment (116 days) the size, sperm content, and zinc concentration 
of control epididymes had increased to that expected for adult rats. Similarly 
testes in the controls had attained adult size. Histological appearance and 
zinc concentration of testes which were normal at 46 days were unchanged. 

Testes obtained by orchidectomy from the rats which had received the 
zinc-poor diet alone for 46 days showed the typical effects of zinc deficiency. 
Rats Nos. 1 and 3 had immature testes. The testes from rat No. 4 had de- 
veloped to the early stages of maturity with a few tubules containing adult 
sperms but most having developing spermatids only. In rat No. 2, the testes 
had become mature but partial or complete atrophy of the germinal epithelium 
had occurred in over half the tubules observed. The size and zinc concentra- 
tion of all testes from zinc-deficient rats were below those observed in the 
controls. Epididymes in rats Nos. 1 and 3 were smaller than the controls but 
in rats Nos. 2 and 4 were of similar size to the controls. Epididymis zinc 
concentration was reduced in all the zinc-deficient rats. It is likely that 
rat No. 5, with undescended testes, had very small and underdeveloped sexual 
organs. 

After 70 days of zinc supplementation in the zinc replacement group, 
rats Nos. 1, 3, and 4, with previously underdeveloped but undamaged testes 
had remaining testes which were mature and appeared quite normal. Both 
testes and epididymes in these three rats were similar to the controls in size, 
histological appearance, and zinc concentration. Similarly the pituitary 
weights and the weights and zinc concentration of the dorsolateral prostates 
in these rats were the same as for the control rats. Rat No. 5, with undes- 
cended testes before zinc replacement, also had testes and epididymes of normal 
histological appearance and zinc concentration. However, the size of testes, 
epididymes, dorsolateral prostate, and pituitary was less than that of the 
controls. In addition dorsolateral prostate zinc concentration was still below 
normal in this rat. It seems probable that retardation of sexual development 
was even greater in rat No. 5 than in the other rats of the zinc replacement 
group and that recovery was correspondingly somewhat slower. Rat No. 2, 
in which testicular atrophy had occurred before zinc supplementation was 
begun, did not recover testicular function during the zinc replacement period. 
The histological appearance of the testis was very similar to that observed at 
46 days and the epididymis contained very few sperms. Similarly there was 
little increase in the size or zinc concentration of the testis and epididymis 
compared with the values obtained at 46 days. It is evident that once 
degenerative changes had occurred as a result of zinc deficiency, the semi- 
niferous tissue of the testis was not capable of regeneration when zinc was 
again available. Pituitary and accessory sex organ recovery from zinc 
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deficiency was apparently not influenced by the pathological condition of the 
testes for pituitary size was normal in rat No. 2 as were the size and zinc con- 
centration of the dorsolateral prostate. 

Bone zinc (fibula) was lower than normal in most of the zinc replacement 
group. This is not unexpected in view of the rapid growth recovery in these 
rats. It is of interest that rat No. 5, in which full recovery of pituitary and 
sex organ size and zinc concentration of the dorsolateral prostate had not been 
accomplished, had a higher zinc concentration of the bone than any of the 
other rats in the zinc-replacement group. 

To summarize this experiment, we found that most of the effects of zinc 
deficiency on the reproductive system of the male rat were not permanent and 
were eliminated when zinc was replaced in the diet. However, atrophy of 
testicular germinal epithelium, which in this test occurred in one rat only, was 
not reversed when zinc became available. This observation has been repeat- 
edly confirmed in experiments which will be reported later. In this case the 
testis was small and had a low zinc concentration after 70 days of zinc supple- 
mentation. In addition the epididymis did not recover normal size or zinc 
concentration. Those testes which suffered only a depressed rate of develop- 
ment and were still immature, or had only recently matured, developed nor- 
mally after zinc supplementation. External symptoms of zinc deficiency 
disappeared in all animals when zinc was replaced in the diet. 


Discussion 


We have shown that the feeding of a very low zinc diet to weanling rats for 
46 to 56 days produces a marked reduction in the rate of development of the 
reproductive organs and frequently a permanent destruction of the semini- 
ferous tissue. Since the food consumption of zinc-deficient rats is very low, 
the possibility that inanition alone is directly responsible for the effects of 
zinc deficiency on male reproductive organs was investigated. We found that 
body growth depression, produced by reduced intake of a diet adequate in 
zinc, comparable to that observed in the zinc-deficient rats, did indeed bring 
about a depression of accessory sex organ and pituitary growth which was of 
the same order as observed in the zinc-deficient rats. This degree of caloric 
restriction, however, did not inhibit the normal growth and maturation of the 
testes. It is evident therefore that, in zinc-deficient rats, other more specific 
changes resulting from zinc deprivation are responsible at least for the testicular 
damage. 

The zinc concentration of testes, epididymes, and dorsolateral prostate 
glands was significantly reduced in the zinc-deficient rats. Zinc analyses 
and histological findings in both the Restricted Feeding and Zinc Replacement 
experiments have led to some speculation regarding the factors, other than 
simple availability of zinc, which can influence the gain or loss of zinc in these 
tissues. 

The presence of mature sperms, containing high concentrations of zinc (about 
350 wg. per g. in humans (10)) in the testis and especially in the epididymis 
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where they are stored, should contribute considerably to the over-all zinc 
concentration of these complex tissues. Thus in the zinc-replacement experi- 
ment the epididymes of control rats at 46 days, which contained rather small 
numbers of sperms, had a zinc concentration which was below normal. In the 
zinc-replacement group, the zinc concentration of the testis and epididymis 
did not increase to normal values after zinc supplementation in one rat (No. 2) 
which suffered irreparable testicular damage. In this rat spermatogenesis 
was negligible and the epididymes contained very few sperms. We have also 
observed this relationship of zinc concentration with the adult sperm content 
of both testes and epididymes in some unpublished studies on the histological 
appearance and zinc content of these tissues in young maturing male rats 
from our stock colony. During the times that spermatogenesis was being 
initiated in the testes, and the sperm content of the epididymes increased from 
zero in immature rats to the large numbers observed after sperm production 
had proceeded for some time, the zinc concentration increased from about 20 
to 25 ug./g. in testes and from 20 to 45 ywg./g. inepididymes. In zinc-deficient 
rats therefore, the lack of sperms in the epididymes and testes would account 
for part of the observed reduction in zinc concentration. 

Since the zinc concentration of dorsolateral prostate glands in weanling rats 
is very low (3), dietary zinc deficiency in rats of this initial age essentially 
prevents the normal accumulation of zinc by this gland. In the Restricted 
Feeding experiment however, the zinc concentration of dorsolateral prostates 
in the restricted controls was less than in the ad libitum controls although 
both were receiving adequate zinc. It is known that gonadotrophins or 
testosterone injections will increase the rate of zinc accumulation in the dorso- 
lateral prostate of young rats (11). Conversely then, a reduction in sex hor- 
mone production resulting from the depression in pituitary growth and func- 
tion which occurs during severe caloric restriction, probably accounts for the 
low zinc concentration of dorsolateral prostates in the underfed rats. 

The similarity between the effects of simple inanition and zinc deficiency 
on pituitary and accessory sex organ growth which was observed in the Re- 
stricted Feeding experiment suggests that inhibition of pituitary gonado- 
trophin output is one of the major results of zinc deficiency and that this is 
produced indirectly by inanition. However, if the testicular damage observed 
only in zinc-deficient animals was due to gonadotrophin deficiency it would be 
necessary to assume that gonadotrophin output in these rats was much less 
than in the underfed controls. This seems unlikely when no significant dif- 
ference in accessory sex organ size was observed in the two groups. In addition 
the increase in gonadotrophin-producing cells observed in the pituitaries of 
the zinc-deficient rats and not in the restricted controls suggests that, as in 
castrated rats, the pituitary is attempting to produce greater than normal 
amounts of hormone. 

Since sperms contain a very high concentration of zinc it seems likely that 
zinc deficiency might cause failure of sperm production without interference 
with hormone production or utilization. Further work has been carried out 
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to determine the effects of testosterone and gonadotrophins on the testes and 
| secondary sex organs of zinc-deficient rats and the results of these studies will 
é be reported in a later publication. 
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CORRELATED STUDIES OF STEROID FORMATION IN 
VITRO, ASCORBIC ACID CONCENTRATIONS, AND 
CYTOLOGICAL CHANGES IN ADRENAL GLANDS 

OF RATS GIVEN HISTAMINE! 


E. ScHONBAUM AND W. G. Bruce CASSELMAN? 


Abstract 


In the adrenal glands of rats given histamine, there are significant correlations 
between the increase in steroid formation in vitro, and the depletion of ascorbic 


acid or cytological changes in Z. fasciculata and Z. reticularis indicative of 
stimulation. 


Introduction 


Various methods have been described for assessing adrenocortical activity 
but the relationships between the results obtained with each method have 
not yet been fully established. In the studies to be reported, three methods 
have been compared in the same animals: the formation of steroids by sur- 
viving adrenal tissue in vitro (1), the concentration of ascorbic acid in the 
adrenal glands (2, 3), and the cytological appearance of the adrenocortical 
cells (4, 5). These methods were compared in rats given either saline or a 
large dose of histamine. Histamine was chosen because it causes a release 
of ACTH (6, 7, 8) and its use avoids the need for hypophysectomized rats 
or the administration of ACTH from another species (9). The results demon- 
strate significant correlations between steroid formation and either ascorbic 
acid depletion or cytological changes. 


Experimental 


Male albino rats, each weighing approximately 200 g., from two strains, 
were used in order to compare the responses of different strains and also to 
eliminate any possible peculiarity in the response of one strain. The test group 
consisted of eight Sprague-Dawley rats (Holtzman Laboratories, Madison, 
Wisconsin) and eight Wistar rats (Woodlyn Farms, Guelph, Ontario). These 
rats were given a large dose (50 mg./100 g. body weight) of histamine dihydro- 
chloride in saline intraperitoneally. The control group, consisting of seven 
Sprague-Dawley and eight Wistar rats, received saline intraperitoneally. 
Thirty minutes following injection each rat was decapitated and its adrenals 
were promptly removed. One gland was prepared for the determination of 
ascorbic acid by the method of Roe and Kuether (10) slightly modified. 
The other gland was used for estimation of steroid formation in vitro (1) and 


1Manuscript received December 23, 1957. 
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for cytological studies. This gland was cleaned and quartered. The quarters 
were combined in pairs and incubated in Krebs—Ringer—bicarbonate—glucose 
medium (11) in a Dubnoff-type shaker at 38° C., in an atmosphere of 95% 
oxygen and 5% carbon dioxide. After 30 minutes of preincubation, the 
medium was changed in each beaker and to one pair of quarters was added 
0.2 I.U. per 100 mg. tissue of an ACTH preparation (Connaught Medical 
Research Laboratories, Toronto). After incubation for 1 hour, the medium 
was removed and extracted with methylene chloride. The amount of material 
in this extract absorbing ultraviolet light at 240 my was determined spectro- 
photometrically. This material is presumed to be steroids (1, 12). 

Immediately after removal of the incubation medium, the pieces of adrenal 
tissue were fixed in formaldehyde—-calcium. Frozen sections were prepared 
and strained with oil red O, haematoxylin, and light green (13). 

For the cytological assessment of the activity of the adrenal cortex, the 
criteria set forth by Deane, Shaw, and Greep (4) for adrenals stimulated in 
vivo also apply under the conditions of these investigations (5). Because it 
had been previously demonstrated that there is a significant correlation be- 
tween steroid production and cytological changes in the adrenals of Wistar 
rats (5), the cytological studies were carried out on only the Sprague-Dawley 
rats. 


Results 


The data for steroid production in vitro, adrenal ascorbic acid concentration, 


and grading of the cytological changes are given in Table I. 

The mean value for the steroids released into the incubation medium is 
slightly lower for the Wistar rats (12 ug./100 mg. tissue/hour) than that for 
the Sprague-Dawley rats (17 wg.). Following the injection of histamine, 
these values are significantly increased to 26 wg./100 mg./hour (P <0.005) 
and 29 wg./100 mg./hour (P<0.01) respectively. When ACTH is added in 
vitro, there are no significant differences between the control and test groups. 

In the adrenals of the control animals, the mean ascorbic acid concentration 
is somewhat higher for the Wistar (417 uwg./100 mg. fresh tissue) than for the 
Sprague—Dawley rats (356 wg.). In the adrenals of the rats given histamine, 
the values are much lower than in the controls (Wistar 305 ywg., P<0.01; 
Sprague-Dawley 288 ug., P<0.005). 

As in previous studies (5), any cytological changes were slight but definite. 
In glands graded 0, the lipid droplets were moderately large and discrete 
while the cytoplasm was not sudanophil. In glands graded 3, the droplets 
were more numerous and smaller, even quite fine; the cytoplasm was moder- 
ately sudanophil. In glands graded 1 or 2, the changes were intermediate, 
being just perceptible for grade 1 and more evident for grade 2. The results 
for the Sprague-Dawley rats indicate increased cellular activity in the Z. 
fasciculata and Z. reticularis following administration of histamine. The 
rank correlation of steroid formation to cytological gradings is significant 
at the 1% level (r = 0.561). 
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TABLE I 


THE EFFECT OF HISTAMINE ON ADRENAL ACTIVITY: ASCORBIC ACID, STEROID 
FORMATION IN VITRO, AND CYTOLOGICAL CHANGES 


Ascorbic acid concentration and rate of steroid formation are expressed in ug. per 100 mg. 
of fresh rat adrenal tissue 

















Steroid formation Cytological grading 
Ascorbic acid 
Group concentration —ACTH +ACTH —ACTH +ACTH 
Wistar, saline 460 12 39 
292 14 22 
472 16 27 
435 12 32 
382 15 33 
378 13 16 
473 8 21 
446 9 26 
Mean + S.E. 417 + 22 2 +1 a7 + 3 
Wistar, histamine 249 36 32 
300 26 40 
434 21 29 
204 28 30 
316 32 34 
246 19 31 
297 38 42 
394 9 19 
Mean + S.E. 305 + 27 26+ 3 32 &2 
Sprague-Dawley, 264 28 35 - 2 
saline 402 21 35 0 2 
338 16 42 - 3 
350 15 45 - 3 
412 17 30 1 ~ 
360 14 14 0 1 
369 7 44 0 2 
Mean + S.E, 356 + 18 i2 + 2 35 + 4 
Sprague-Dawley, 285 28 39 0 1 
histamine 266 37 33 1 1 
284 33 45 1 - 
275 41 48 1 2 
315 23 41 3 - 
267 32 40 1 2 
306 19 47 2 - 
305 20 61 2 3 
Mean + S.E. 288 + 7 29 + 3 44+ 3 
Discussion 


The results obtained with all three methods demonstrate that adrenocortical 
activity is increased following the administration of histamine. The experi- 
mental data show that there are significant correlations between the results 
obtained with the three methods. The coefficient of correlation (r) between 
steroid formation and cytological changes is 0.611 and the coefficient between 
steroid formation and ascorbic acid concentration is —0.758. 

The persistence of increased adrenocortical activity when adrenal glands 
are removed for in vitro studies has been observed not only after histamine 
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but also after exposure to cold (14). It suggests that the estimation of the 
rate of steroid formation in vitro might be a satisfactory method of assessing 
adrenocortical activity in the rat. Such a method, while having the dis- 
advantages of any in vitro assessment of in vivo activity, nevertheless is 
closely related to the function of the adrenal cortex and does not depend 
upon changes in ascorbic acid whose role in adrenocortical metabolism is 
still uncertain (15, 16, 17, 18). 

The use of steroid formation in vitro for assessing adrenocortical function 
differs considerably from its use for assaying ACTH (1, 9, 19). In the above 
experiments, one series of estimations was carried out without any added 
foreign material. In the other series, such a small amount (about 10 yg. 
per 8 mg. adrenal) of a purified ACTH preparation was added that it is un- 
likely that this would affect the specificity of the adrenocortical response 
in vitro. On the other hand, for ACTH assays, much more foreign protein 
is sometimes added with a danger of altering adrenocortical function, possibly 
yielding unusually large amounts of desoxycorticosterone (9). 
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EFFECT OF ANTICHOLINESTERASES ON ACETYLCHOLINE 
LEVELS IN INSECTS! 


B. N. SMALLMAN? AND R. W. FISHER? 


Abstract 


In accordance with the hypothesis for the lethal action of organophosphate 
insecticides, the ACh content of the nervous tissue of poisoned insects was shown 
to increase, and the rate of increase to depend on the degree and duration of 
ChE inhibition. Lethal doses of parathion, malathion, and TEPP caused 
increases in the ACh content of housefly heads up to 260% above normal; 
increased levels of ACh were also found in the thoracic nerve cord of roaches 
and the brains of mice after treatment with TEPP. Sublethal doses of TEPP 
resulted in transitory depression of ChE activity coinciding with a limited 
elevation of ACh levels followed by a return to normal; lethal doses resulted in 
prolonged inactivation of ChE and a corresponding steady increase of ACh to 
90% above the normal level. Subsequent partial recovery of ChE activity, 
observed with lethal doses of TEPP and malathion, coincided with a fall in ACh 
values to below normal. At death, a portion of the ACh normally bound to tissue 
components is released and hydrolyzed by ChE. In contrast to the other 
compounds, DFP reduced the ACh levels in the heads of treated flies. The 
loss from the heads was associated with an equivalent gain by the rest of the 
body of DFP-treated flies. The ACh content of whole flies therefore remained 
constant (at 20% above normal) after treatment with DFP suggesting that 

* this compound, unlike the others examined, interferes with the synthesis of 
ACh. 


Introduction 


A corollary of the hypothesis that the organophosphorus insecticides kill 
insects by inhibiting cholinesterase (ChE) is that acetylcholine (ACh), norm- 
ally destroyed by the enzyme, accumulates in the nervous tissue. To test 
this hypothesis, experiments were carried out to determine the ACh levels in 
insects during the course of poisoning with cholinesterase inhibitors and to 
relate the observed changes with the degree of ChE inhibition and with 
mortality. 


Materials and Methods 
Test Animals 

The insects were obtained from stock laboratory cultures reared at 28° C. 
and 50-60% relative humidity. 

Larvae of the housefly, Musca domestica, were reared to pupation on milk- 
impregnated cellucotton, and the adults were given water, sucrose, dried 
brewers’ yeast, and diluted milk (7). Flies were sexed at 2 days after emer- 
gence, and females kept until 3 days old for testing. 


The American roach, Periplaneta americana, was reared according to the 
method of Fisher and Jursic (7). Male adults were used for test because 
they contained less fatty tissue overlying the nerve cord. 


‘Manuscript received in original form November 25, 1957, and, as revised, February 13, 
1958. 
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The white mice were 4-5 week old females of SWR strain from R. B. Jackson 
Memorial Laboratory, Bar Harbour, Maine. They were maintained on dog 
biscuit and water and averaged 20 g. in weight. 


Treatment with Inhibitors 

Pure parathion, malathion, TEPP, and DFP were dissolved in acetone 
for topical application to insects. For injections into mice, TEPP was added 
to 0.9% NaCl, and the insoluble parathion, malathion, and DFP were made 
up in alcohol and then suspended in the saline. Houseflies were treated on 
the dorsal portion of the thorax with 1 yl. of the acetone solution of inhibitor. 
Roaches were treated with 5 yl. of acetone solution beneath the wings on the 
abdomen. Mice were injected intraperitoneally with 0.5—0.8 ml., depending 
on weight, of the saline solutions or suspensions of inhibitors. 


Extraction and Assay Methods 

At intervals after treatment, the ACh content and ChE activity of parts 
of the nervous tissue of the animals were determined. The tissues examined 
were: the heads, and occasionally the remainder of the bodies (trunks), of 
houseflies; the thoracic nerve cords of roaches; and the cerebral hemispheres 
of mice. Flies were immobilized on ice or under COs, and decapitated. 
Roaches were opened dorsally and the thoracic nerve cords dissected out 
within 1 to 2 minutes. Mice were stunned and decapitated; the skull was 
opened dorsally, and the cerebral hemispheres were removed. For ACh 
determinations, the tissues were weighed and immediately plunged into 
boiling acidified Ringer’s solution; the cerebral hemispheres of mice were 
first minced with scissors. For ChE determinations, the required amount 
of tissue was collected in 0.9% saline at 0° C. and then homogenized. 

Tissues were extracted for ACh by the method of Lewis and Smallman 
(1956). Tissues were placed in 5 ml. of boiling acidified (two drops of 0.3 NV 
HCl) Ringer’s solution (NaCl 7 g., KCI 0.14 g., CaCl, 0.12 g., NaHCO; 0.2 g., 
and glass-distilled water to 1 liter) in a 10 ml. beaker and boiled for 1 minute. 
After cooling, trichloroacetic acid (TCA) was added to give a final concen- 
tration of 1%, and the tissue was homogenized. The homogenizer pestle 
was rinsed with 3 ml. of Ringer’s solution. The homogenate was centri- 
fuged at 3000 g, the supernatant decanted into a 25 ml. Erlenmeyer flask, 
the residue resuspended in the rinse fluid, recentrifuged, and the supernatant 
added to the first one. This extract was then neutralized with 0.3 N NaOH 
and made up to 10 ml. with the Ringer’s solution. 

The acetylcholine content of extracts was estimated on the eserinized 
rectus abdominis muscle of the frog. The effect of substances which sen- 
sitize the muscle to acetylcholine was allowed for, according to the method 
described by Feldberg (1945). The values reported in this paper refer to 
acetylcholine chloride. 

ChE activity was measured manometrically at 25° C. using the following 
conditions: 2 ml. of NaHCQ; solution, final concentration of 0.025 M, saturated 
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with 5% COs in 95% Ne (v/v); 0.2 ml. of ACh in sidearm, final concentration 
0.01 M; 0.5 ml. of enzyme preparation. Readings were made at 10 minute 
intervals. 

ACh values for each point were determined as follows: for houseflies, two 
replicates each of 30 heads or trunks; for mouse brain, three pairs of cerebral 
hemispheres; for roaches, one pooled sample of five thoracic nerve cords. 
ChE activity was determined in duplicate using enzyme preparations as 
follows: for houseflies, 15 heads per ml. homogenate; for mouse brain, 50 mg. 
per ml.; for roach, five thoracic cords per ml. 


Results 
Effect of Anti-ChE’s on ACh Levels 


We first sought to determine whether treatments with various anti-ChE’s 
did, in fact, alter the ACh levels in insects. Parathion, malathion, and 
TEPP were applied to houseflies at a dosage of 10 wg. per fly. After 4 hours, 
the heads were cut off, weighed, and assayed for ACh content and ChE 
activity. For comparison, other flies were held for 6 hours in nitrogen — 
carbon dioxide (95:5) and the heads removed and assayed in the same way. 
All flies were prostrate with only very slight movements of their appendages 
when assayed; others similarly treated did not recover. 


TABLE I 


EFFECT OF ANTICHOLINESTERASES ON ChE activity AND ACh CONTENT OF 
HOUSEFLY HEADS 











Treatment ACh, % of normal ChE, % inhibition 
TEPP, 10 ug. per fly, 4 hr. 212 100 
Parathion, 10 yg. per fly, 4 hr. 172 97 
Malathion, 10 ug. per fly, 4 hr. 143 97 
Nitrogen—CO, (95:5), 6 hr. 92 6 





Table I shows that there was a striking increase in the ACh content of the 
heads of flies after lethal treatments with each of the three ChE inhibitors. 
In each case, the increase in ACh level was accompanied by almost complete 
inhibition of ChE activity. On the other hand, anoxia under nitrogen — 
carbon dioxide had little effect on ChE activity and caused no increase in 
ACh level. Thus, in conformity with the hypothesis for the mode of action 
of anticholinesterases, compounds that inactivated ChE increased the ACh 
levels, while a lethal treatment having no significant effect on ChE activity 
likewise caused no increase in ACh level. 

We then examined the generality of this effect by administering TEPP to 
the housefly, roach, and mouse. Table II shows that after treatment with 
TEPP, the ACh levels in all three animals were consistently above normal. 
Moreover, the ACh levels varied with the time after treatment, showing an 
initial rise and a subsequent decline towards the normal level. The rate of 















578 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


TABLE II 


ErFrect oF TEPP on ACh LEVELS IN INSECTS AND MICE AT VARIOUS 
INTERVALS AFTER TREATMENT 














ACh, % of normal after: 








Animal TEPP dosage 0.5 hr. 1 hr. 4 hr. 
Housefly (heads) 0.25 yg./fly 112 115 107 
Roach (thoracic cords) 5 pg./roach 153 113 — 
Mouse (cerebrum) 16 ug./mouse 122 130 114 





ACh increase appears to be affected also by the dosage applied; by comparison 
with Table I, houseflies treated with 10 ug. TEPP showed much higher levels 
of ACh than flies treated with 0.25 wg. TEPP. These indications that the 
levels of ACh varied with the dosage applied and time after treatment are 
examined further in subsequent sections. However, the main point from 
Table II is that the increase in ACh after treatment with an anticholinesterase 
is general for the three animals examined. 


The Rate of Change in ACh Content in Relation to ChE Activity 

The hypothesis for the mode of action of organophosphates appears to 
require a correlation between the degree and duration of ChE inhibition and 
the rate of accumulation of ACh above the normal level. Therefore, we 
examined the rates of change in ACh content and ChE activity in housefly 
heads after treatments with parathion, TEPP, malathion, and DFP at 1 
ug./fly and with TEPP at 1.0, 0.25, and 0.06 ug./fly. 

Fig. 1 shows that with parathion the theoretical prediction was met. 
Complete inhibition of ChE was not achieved until about one hour after 
treatment and during this period the ACh values increased only slightly 
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Fic. 1. ChE activity and ACh content of housefly heads at various times after 
treatment with a lethal dosage of 1 ug./fly of parathion. 
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above the normal level. After 1 hour, however, the ChE was completely 
inactivated and at once the ACh levels began to increase. During the 
remainder of the 18-hour observation period, no ChE activity was demon- 
strated and the ACh levels continued to increase at a rate of almost 15% 
per hour to reach a value 260% above normal. 
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Fic. 2. ChE activity and ACh content of housefly heads at various times after 
treatment with a lethal dosage of 1 ug./fly of malathion. 


Fig. 2 shows that malathion at 1 yg./fly was a relatively slow inhibitor of 
fly head ChE, and failed to achieve complete inhibition at any time during 
the 18-hour period examined. In conformity with these observations, the 
ACh levels never increased to the high values obtained with the powerful 
inhibitor, parathion. Nevertheless, the same kind of pattern was apparent; 
the ACh values remained at or slightly below normal until a high degree of 
inhibition was achieved at 6 hours and then increased to about 20% above 
normal. The figure suggests further that at 18 hours after treatment there 
was some recovery of ChE activity and that this was associated with a de- 
crease in ACh levels below normal. 

Fig. 3 shows the results obtained when houseflies were treated with three 
dosages of TEPP designed to result in three different mortalities by 24 hours. 
With all three doses there was a rapid initial increase in the level of ACh and 
this was associated with an apparently complete inhibition of ChE. At this 
time, flies treated at all doses were prostrated. At the lowest dose, the ChE 
quickly recovered about 60% of its activity and this was immediately reflected 
in the rapid decline in ACh to about the normal level. At this dose, 90% of 
the flies recovered. When the dose was increased fourfold, the ChE re- 
mained completely inhibited for 2 hours and during this period the ACh 
values increased to almost 20% above normal. However, after about four 
hours the ChE began to show a steady recovery of activity and coincident 
with this recovery, the ACh levels began to decline. These changes continued 
in a symmetrical manner over the remainder of the 24-hour period and resulted 
in ACh values below the normal level. In this case, the flies suffered 75-85% 
mortality. When the dose was increased further to four times the inter- 
mediate dose, the ChE remained completely inhibited for about 12 hours and 
during this time the ACh values continued to increase to about 90% above 
normal. Subsequently a slow recovery of ChE activity became apparent 
and was associated with a dramatic decline in ACh content to nearly 50% 
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Fic. 3. ChE activity and ACh content of housefly heads at various times after 
treatment with TEPP at 0.06 ug./fly, 0.25 ug./fly, and 0.1 ug./fly. 


below normal. At this dose the flies suffered complete mortality after 24 
hours. Flies in all treatments were prostrated within the first hour. The 
survivors from those treated with 0.06 ug./fly began a slow recovery from 
the second hour onwards. Those dying from the 0.25 yug./fly and 1.0 ug./fly 
dosages remained prostrate and almost motionless throughout the period of 
the experiment, and complete lack of response to stimulation (i.e. death) 
began to be evident from 10 to 12 hours after treatment. 

These results obtained with TEPP suggest that survival or death is 
correlated with the duration of the abnormally high levels of ACh. It seems 
significant too that with those doses that resulted in high mortalities, the 
ACh level eventually fell below normal and that this occurred coincidently 
with the reactivation of ChE. Moreover, the greater the ultimate mortality, 
the more the ACh value in the treated flies was depressed below normal. 
These observations suggested that at death the ACh normally in the ‘“‘bound”’ 
state and unavailable to ChE was released and hydrolyzed by the reactivated 
enzyme. 

To test this possibility, we killed houseflies by decapitation or cyanide 
and examined the ACh and ChE levels. Table III shows the results in 
comparison with those obtained after treatment with TEPP at the lethal dose 
of lug. per fly. With all three lethal treatments the ACh level fell about 50% 
below normal, provided that some ChE activity was present. These results 
seem to support the suggestion that at death, a portion of the tissue-bound 
ACh is released and becomes available for hydrolysis by ChE. However, 











poe oe eee 


Dei tie een RR ee ee ee 


ete 


PRESSOR 


el 


IEE POE IIL 




































TIS a ee ee aS 


PAE SOR Lae ee TT 


7 








SMALLMAN AND FISHER: ANTICHOLINESTERASES 


TABLE III 


EFFECT OF LETHAL TREATMENTS ON ACh CONTENT AND ChE ACcTIVITY 
OF HOUSEFLY HEADS 











Treatment ACh, % of normal ChE, % inhibition 
TEPP 1 ug./fly, 12 hr. 176 100 
TEPP 1 ug./fly, 28 hr. 52 94 
Decapitation, 6 hr. 59 0 
HCN, 0.5 hr. 50 0 





no conclusion can be reached on this point because treatment with nitrogen- 
CO, for 6 hours failed to depress ACh values significantly (Table I), and 
because we cannot establish with certainty, the time of death. 


The Anomalous Effects of DFP 


In striking contrast to our results with parathion, malathion, and TEPP, 
Lewis and Fowler (1956) found that the ACh content in the heads of blow- 
flies and houseflies decreased sharply below normal after treatment with 
DFP. Our results, shown in Fig. 4, confirm their findings. The figure shows 
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Fic. 4. ChE activity and ACh content of housefly heads at various times after 
treatment with DFP at 1 ug./fly and at 10 yg./fly. 


that DFP, despite its strong anticholinesterase activity, failed to produce 
more than a small, transitory increase in ACh content even at very high 
doses. Instead, the ACh content of housefly heads after treatment with 
DFP was strongly depressed below the normal level although the flies were 
still showing movements and were presumably still alive. The ChE remained 
inactive throughout the period examined and the ACh level continued to 
decline slowly to about 50% below normal at 5 hours after treatment. When 
we applied a dose of 10 wg. DFP per fly, the ACh level did in fact accumulate 
to about 30% above normal during the first 15 minutes after treatment but 
then quickly declined below normal and continued to fall at about the same 
rate as obtained with the 1 wg. dose. At this same dosage, Lewis and Fowler 
(9) observed no increase in ACh; since their first observation was made 
+ hour after treatment they may have missed the transitory increase we 
found at 15 minutes. Even at 1 wg. DFP per fly we demonstrated a small 
initial increase in ACh above normal in one experiment, but again the values 
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TABLE IV 


ACh CONTENT (uG./30 FLIES) OF HEADS AND TRUNKS OF HOUSEFLIES AFTER 
TREATMENT WITH DFP, 1 wuG./FLY 











Time after Change in Change in 
treatment (hr.) Head head ACh Trunk trunk ACh 
0 (untreated) 2.9 — 1.1 -- 
0.5 3.0 0.5 4 0.3 
2 Pe —0.8 +e 0.8 
6 1.6 —0.6 2.8 0.6 





quickly fell below normal. Thus, the correlation between ChE inhibition 
and ACh increase in housefly heads obtained with the other anticholinesterases 
appears to hold only during a short initial interval with DFP. 


Lewis and Fowler (9) found that although the ACh content of blowfly 
heads decreased after treatment with DFP, the ACh content of the whole 
fly increased slowly. They suggested that these changes resulted from redis- 
tribution of ACh in the treated flies. In Table IV we present results which 
seem to confirm this suggestion. The table shows that after an initial in- 
crease, the ACh lost from the head was accounted for exactly by the increase 
in the trunk. It follows that in contrast to the finding of Lewis and Fowler 
(9), the ACh content of the whole fly remained constant after the initial in- 
crease. However, when we repeated this experiment using 10 ug. DFP per 
fly, as they did, we did in fact demonstrate a slow increase in ACh content. 

These indications of the anomalous effects of DFP prompted us to examine 
the effect of other anticholinesterases on the levels and distribution of ACh 
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_ Fic. 5. ACh contents of heads, trunks, and whole bodies of houseflies at various 
times after treatment with parathion, malathion, TEPP, and DFP at 1 yug./fly. 
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of ACh between heads and trunks of flies treated with DFP, and the three 
other anticholinesterases examined. After treatment with parathion, mala- 
thion, and TEPP, the ACh content of heads, trunks, and whole flies varied 
in the same direction, increasing or decreasing together. On the other hand, 
after DFP, the ACh content of heads decreased while the value for the trunks 
increased so that the value for the whole fly remained constant. These 
results suggest that DFP inhibited the synthesis of ACh within } hour after 
treatment and that subsequently the ACh present was redistributed in favor 
of the trunk. With the other compounds, synthesis of ACh appeared to 
continue so that the values for head, trunk, and whole fly progressively 
increased. Because the ACh values continued to increase, our data do not 
permit us to determine whether redistribution of ACh from the head to the 
trunk actually occurred with these three compounds. However, the higher 
rate of increase for the trunks as compared with the heads suggests that redis- 
tribution may have occurred, especially after TEPP. 


From the data of Fig. 3 we suggested that the eventual decline in ACh 
content of fly heads resulted from reactivation of ChE and hydrolysis of 
freed ACh. However, the results obtained with DFP suggest that the decline 
in ACh content of the head might have resulted from redistribution of ACh 
from head to trunk. To eliminate the factor of redistribution, we examined 
the changes in ACh content of whole flies after treatment with anti-ChE’s. 
Fig. 6 shows that the ACh values for whole flies treated with TEPP and 
malathion first increased and then declined as found previously for the heads 
alone (Figs. 2 and 3). Moreover, these were the same two compounds with 
which we obtained reactivation of ChE in the heads. As shown previously, 
no reactivation of the head ChE was found with either parathion or DFP. 
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Fic. 6. A comparison of ACh values for whole bodies of houseflies*at various times 
after treatment with parathion, malathion, TEPP, and DFP at 1 yug./fly. 
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With parathion, therefore, the ACh values for whole flies continued to increase 
throughout the 36-hour period while, consistent with the suggestion that 
DFP interferes with ACh synthesis, the values obtained with DFP-treated 
flies remained constant. 


Discussion 


In general, our results appear to be consistent with the hypothesis that 
after treatment with anticholinesterases, ACh accumulates in the nervous 
tissue of poisoned animals. ACh was shown to accumulate in the heads of 
houseflies treated with parathion, malathion, and TEPP, and the generality 
of this effect was indicated by similar observations with the thoracic nerve 
cord of the roach and brain of the mouse. DFP appeared to be anomalous 
in this respect, inducing at best a small transitory increase in the ACh content 
of the heads of treated flies and then declining steadily below the normal value. 

Previous evidence on this phenomenon has been obtained in mammals by 
Dubois et al. (5), Stewart (12), and Michaelis et al. (10), who found increased 
levels of ACh in the brains of rats or rabbits after treatment with anticholine- 
sterases. In agreement with our findings, these authors obtained elevated 
values of ACh after treatment with TEPP, parathion, and paraoxon. In 
contrast with our findings, Stewart (12) obtained greatly elevated ACh 
values in the brains of rats poisoned with DFP and this effect was greater 
with DFP than with TEPP, paraoxon, or eserine. Michaelis et al. (10) 
observed the time course of changes in the ACh content of rabbit brain after 
injection of sublethal doses of DFP and obtained results somewhat similar 
to those we obtained with houseflies. He found an initial rapid increase in 
ACh values followed by a slow return to the normal level in much the same 
manner and time intervals that we obtained for the ACh content of the 
heads of houseflies after a sublethal dose of TEPP. From these comparisons 
it seems clear that in insects, as in mammals, ACh accumulates in nervous 
tissue after treatment with anticholinesterases. However, DFP appears 
to act differently in insects where, in contrast to the other compounds and 
to its effect in mammals, it causes a depression of ACh levels below normal 
in the heads of treated houseflies. 

Winteringham and Harrison (13) have also examined the effect of DFP 
on the ACh content of the heads of houseflies and observed an apparent 
initial increase followed by a return to about the normal level. Lewis and 
Fowler (9) re-examined this result and concluded that the ACh content of 
the head actually decreased below normal due to a redistribution of ACh 
from the head to the rest of the body; however, the insect as a whole showed 
a gradual increase in ACh content. Our results confirm their observation 
for the decline in ACh content of the head although, as pointed out previously, 
we demonstrated a small increase in ACh values when determinations were 
made prior to their earliest observation. Our results also support their 
suggestion that ACh is redistributed from the head to the rest of the body, 
since we could account exactly for the loss of ACh from the head in terms of 
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a gain by the trunk. Since they found ACh in the hind-gut of flies Lewis 
and Fowler (9) suggested that this redistribution might be effected via the 
haemolymph and reconcentration in the hind-gut by the action of the mal- 
pighian tubules. Other work at this laboratory indicates the probability of 
such a mechanism, for ACh has been demonstrated in the haemolymph of 
roaches poisoned with TEPP (Pal and Smallman (11), Colhoun (4)), and a 
specific concentration of ACh in the hind-gut of flies has been demonstrated 
following treatment with DFP (Fisher (6)). 

In the absence of demonstrable ChE activity, the ACh content of flies 
treated with TEPP, malathion, and parathion continued to increase, whereas 
with DFP the values remained constant when the factor of redistribution 
was taken into account. The increase in total ACh must result from con- 
tinued synthesis of the ester in the absence of hydrolysis by ChE, and we 
have suggested that the failure of ACh to increase after DFP is related to 
some interference with its synthesis. However, in other experiments we 
failed to demonstrate any effect of DFP on the synthesis of ACh in vitro, as 
others have also (Winteringham, Harrison, McKay, and Weatherley (14)). 
Nevertheless, recent evidence by Winteringham et al. (14) has shown that DFP 
reduced the rate of ACh synthesis by houseflies in vivo. Our findings suggest 
that this effect is unique for DFP among the compounds we have examined. 

Our findings clearly show that the inhibition of ChE in fly heads by TEPP 
and malathion is reversible in vivo. Recovery of ChE activity in roaches 
after sublethal treatment with TEPP is apparent also in the data of Chamber- 
lain and Hoskins (3). Similar to our findings also is the observation by 
Hobbiger (8) that reactivation of ChE in vivo in rats was rapid after TEPP 
and slow after DFP. 


Although it is conceivable that the ChE inhibition found in heads of treated 
flies is increased when TEPP in the haemolymph is brought into contact with 
ChE during homogenization the evidence in Fig. 3 would tend to discount it. 
For if there is sufficient TEPP in the small volume of blood bathing the 
nervous tissues of the head to cause complete inhibition at } hour and 1 hour 
it is most probable that a similar inhibition would occur at subsequent times 
as well. In addition Chadwick and Hill (2) found that no DFP was released 
during grinding from the nerve cords of roaches treated with lethal doses of 
DFP. They were inclined to believe that within the limits of their technique, 
the inhibition found in vitro represented that existing in the intact nervous 
tissue. 

The reactivation of the ChE following its initial inhibition by TEPP affords 
an insight into the state of ACh in vivo. Coincident with the recovery of 
ChE activity we observed a reduction in the supranormal values of ACh 
which continued until values considerably below the normal level were 
reached. 

Colhoun (4) has made similar observations with roaches demonstrating 
an initial increase and subsequent fall in ACh content of the thoracic nerve 
cord after TEPP. These observations suggest to us that ACh accumulating 
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after treatment with an anti-ChE is “free’’ and available for hydrolysis by 
ChE. Moreover, at least a portion of the ACh, normally “bound” and 
unavailable to the enzyme, appears to be released during the final stages of 
anticholinesterase poisoning. 

Further evidence that ACh is released from the nervous tissue of insects 
following treatment with anti-ChE’s is provided by its appearance in the 
haemolymph of roaches treated with TEPP (Colhoun (4), Pal (11)). Similar 
evidence also exists for mammals. ACh has been demonstrated in the blood 
of rats, monkeys, rabbits, dogs, and cats during the late stages of anticholine- 
sterase poisoning (Stewart (12), Barnes and Duff (1)). Release of ACh at 
death, however, may be unrelated to any direct effect of anticholinesterases 
since we showed that death induced by other means may also cause subnormal 
levels of ACh in fly heads. 
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FURTHER OBSERVATIONS ON THE ENZYMATIC REDUCTION 
OF TETRAZOLIUM SALTS BY MONOAMINES! 


J. R. LAGNADO? AnD T. L. SOURKES 


Abstract 


Studies on the role of purines as cofactors in the enzymatic reduction of 
tetrazolium salts by monoamines have led to the following results: (1) With 
whole rat liver extracts as the source of enzymes, several purines exhibit cofactor 
activity either as the free base or as the corresponding riboside and ribotide 
derivativ es. (2) In contrast to this, mitochondrial material from rat liver 
is active only if adenylic acid or one of several ribotidic derivatives containing 
an adenylyl or similar moiety is used as cofactor. (3) Mitochondrial material 
utilizes hypoxanthine as cofactor for the amine/tetrazolium system only in 
combination with the supernatant obtained by centrifugation of tissue homo- 
genates at 20,000 g. The additional factor present in this supernatant portion 
is heat-labile and nondialyzable. ‘The possibility that this additional factor is an 
enzyme or enzymes converting the free base to the ribotide is discussed. 

Inhibition studies have revealed that the amine/tetrazolium enzyme system 
is sensitive to several metal-binding agents, but no direct evidence for the role 
of a metal in the enzymatic reaction could be obtained. It was also found that 
nicotinamide and adenine, neither of which exhibits cofactor activity, are potent 
inhibitors of the enzyme system studied. 


Introduction 


Suspensions of rat liver and brain contain an enzyme system capable of 
catalyzing the enzymatic reduction of tetrazolium salts by monoamines (1) 
in the presence of a cofactor (1-3). Studies with the enzyme system of liver 
have revealed that this requirement for a cofactor can be satisfied by a number 
of purine derivatives (2-4). Although the effects of these compounds are 
not specifically associated with the amine-dehydrogenating enzyme but 
rather seem to be needed for some step in the reduction of tetrazolium salts 
subsequent to the dehydrogenation of substrate (4), we have used the amine/ 
tetrazolium system of rat liver for further studies on the purine effect. The 
purpose of the present communication is to report data (a) on the differential 
response of this system to several purine compounds, and (b) on some pro- 
perties of the purine-dependent enzyme system. 


Material and Methods 


Rat liver preparations, solubilized by grinding with detergent and then 
extensively dialyzed, were made as described previously (4,5). Mitochondrial 
suspensions were prepared according to the method of Hogeboom et al. (6). 
This procedure served to concentrate the amine-dehydrogenating enzyme; 
but because intact mitochondria were not required for the action of the 


‘Manuscript received January 31, 1958. 
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enzyme and, because such suspensions are replete with endogenous substrates, 
the preparations were thrice washed with distilled water or dialyzed for 20 
hours against distilled water in the cold to remove endogenous substrates. 
The fraction denoted as ‘‘supernatant” in the experimental results signifies 
the supernatant portion of tissue homogenates obtained by centrifuging the 
homogenate at 20,000 g for 30 minutes. Hence, in our experiments it includes 
the microsomes plus the cell cytoplasm (6). 

The test system (4) consisted of 28-35 mg. (dry wt.) of enzyme preparation 
in a reaction mixture containing, in a final volume of 2.0 ml., 40 uM. of 
phosphate buffer, pH 7.4; 20 uM. of substrate; 4.8 uM. of triphenyltetra- 
zolium chloride or of neotetrazolium chloride (expressed in monotetrazolium 
units); 0.4 uM. of pyocyanine; and 0.1—-0.3 uM. of cofactor (e.g. purine, etc.). 
Pyocyanine facilitated hydrogen transfer from substrate to tetrazolium (7) 
but it was not an obligatory component. The two tetrazolium salts gave 
qualitatively similar results. Reaction mixtures, complete except for co- 
factor, were held at 37° for 15-40 minutes before addition of the cofactor; 
this preincubation of substrate and enzyme assured maximal rates of for- 
mazan production. Many variations in the order of adding ingredients were 
tested but, apart from this preincubation, none resulted in rates of reduction 
greater than that obtained by mixing all components at the same time. 
Formazan formation was followed by removing the tubes from the constant 
temperature water bath (37°) in which they were immersed for the few 
seconds necessary to read the absorbancy of the solutions at 520 my in the 
Coleman Junior Spectrophotometer. Plateau values of many of the com- 
pounds tested were usually attained in less than 30 minutes. It should be 
emphasized that under the conditions employed here, xanthine, hypoxanthine, 
and other purines were ineffective in promoting tetrazolium reduction, except 
in combination with the amine. 

Enzyme activity has been expressed here as the increment in absorbancy 
at 520 my during the first 10 minutes (or 30 minutes where indicated) fol- 
lowing addition of the cofactor, during which time the tetrazolium is reduced 
at a constant rate (4). All values given are corrected for endogenous dye 
reduction, i.e. for the increase in absorbancy at 520 my observed in the 
absence of added substrate. However, endogenous activity of our prepara- 
tions was usually absent or negligible. 


Results 


(1) Specificity of Purines as Cofactors 

A number of purine compounds were found to act as cofactors in the amine/ 
tetrazolium enzyme system (Table I). Thus, hypoxanthine and some of 
its derivatives, as well as adenosine, adenylic acid, and ATP (adenosine 
triphosphate), were all suitable as cofactors. The inactivity of adenine 
and of TPN (triphosphopyridine nucleotide), together with the fact that 
these compounds, unlike adenylic acid, ATP, and DPN (diphosphopyridine 
nucleotide), are not readily deaminated by rat liver (8), suggested that 
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substitution at the 6-position of the purine molecule hinders cofactor activity 
of the compound. This is pointed up further by the inactivity of 6-mercapto- 
purine and 6-methylpurine. The activity of the 6-oxygenated derivatives, 
hypoxanthine and xanthine, appears to provide an exception to this rule, 
but nevertheless it can be seen that there is a decreasing activity as the 
oxygen content of the molecule increases in the series made up of purine, 
hypoxanthine, xanthine, and uric acid (Table I). 

The importance of the imidazole moiety of the purine structure is under- 
lined by the findings (a) that 8-azaguanine is inactive, unlike its unsubstituted 
congener guanine, and (b) that the pyrimidines which were tested (cytosine 
and uracil) exhibited no cofactor activity. 

Substitution at the 2-position by an amino group yielded a less active 
compound, as illustrated by comparing guanine and hypoxanthine. 

A number of compounds not listed in Table I were also tested and found 
to be devoid of cofactor activity. These included ribose-5-phosphate, 
nicotinamide, cyanocobalamine, folic acid, riboflavin, flavin mononucleotide, 
flavin dinucleotide, pyridoxal phosphate, oxidized and reduced glutathione, 
cystine, and cysteine. Crude coenzyme A extracts (Armour Research 
Division) of hog liver (used at a level of 2 mg./ml. of reaction mixture) 


TABLE I 


THE EFFECTS OF PURINES AND PURINE DERIVATIVES ON THE ENZYMATIC REDUCTION 
OF TETRAZOLIUM SALTS BY MONOAMINES 














Activity 
Compounds tested Isoamylamine Tyramine Tryptamine  Benzylamine 

None 0.035 6* - 0.190 0.700 0.400 
Purine 1.000 161 

6-Mercaptopurine 0.050 8 

6-Methylpurine 0.040 6 

Adenine 0.025 4 

Guanine 0.210 32 

8-Azaguanine 0.070 9 . 
Hypoxanthine 0.620 100 1.210 1.750 1.200 
Xanthine 0.290 47 

Uric acid 0.040 6 

Alloxan 0.040 6 

Adenosine 0.440 71 

Inosine 0.435 70 1.315 1.870 1.450 
5’-Adenylic acid 0.405 65 

5’-Inosinic acid 0.465 75 

ATP 0.310 50 

DPN 0.820 132 

TPN 0.040 6 

Nicotinamide 0.020 3 

Cytosine or uracil 0.080 13 





Note: Reaction mixtures contained 30-33 mg. dry wt. of solubilized, dialyzed rat liver 
enzyme preparation; 0.1 4M. of test compound; other conditions as described in ‘‘Methods’’. 
Activity is expressed as extra absorbancy at 520 mu/10 minutes. Each figure represents the 
mean of at least three determinations with different enzyme preparations. 


*Values in this column represent “‘per cent activity”, taking that in the presence of hypo- 
xanthine as 100%. 
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exhibited some activity. This activity can probably be accounted for by the 
adenylic moiety of the coenzyme A molecule, or by the presence of contam- 
inating nucleotides and their derivatives in the extract. 


(2) Mitochondrial Preparations 

In contrast to the results obtained using whole homogenates of rat liver 
as the source of enzyme it was found that hypoxanthine is relatively inactive 
as cofactor when tested in conjunction with washed or dialyzed mitochondrial 
suspensions (Expts. 1d and 2d, Table II). On the other hand mitochondria 
exhibited enzyme activity in the presence of hypoxanthine if the reaction 
mixture was also supplemented with a dialyzed supernatant fraction, as 
shown in Table II (Expts. 1f and 2e). The supernate lost its activity after 
being heated for 5 minutes at 100° (Expt. 2f). Thus, the activity of the 
amine/tetrazolium system in mitochondria depends not only upon hypox- 
anthine, but also on a nondialyzable heat-sensitive component of the super- 
natant fraction, perhaps an enzyme. In order to test this possibility the 
following experiment was performed: excess hypoxanthine was incubated 
with the supernatant fraction for 30 minutes at 37°, after which it was in- 
activated by heat and tested for cofactor activity. The result (Expt. 2g, 
Table II) demonstrated that hypoxanthine was not converted to an active 
compound by this treatment. This does not, of course, exclude the possi- 
bility that a conversion of hypoxanthine to an effective derivative requires 
enzymes present in supernatant and mitochondrial fractions acting in com- 
bination. 


TABLE II 


THE AMINE/TETRAZOLIUM SYSTEM OF RAT LIVER MITOCHONDRIA 








E xpt. Preparation Activity 
1 (a) Washed mitochondria 0.230 
(b) Dialyzed supernatant 0.000 
(c) Mitochondria plus supernatant 0.370 
(d) Mitochondria plus 0.1 4M. hypoxanthine 0.365 
(e) Supernatant plus hypoxanthine 0.000 
(f) Mitochondria plus supernatant plus hypoxanthine 0.900 
2 (a) Dialyzed mitochondria 0.245 
(b) Dialyzed supernatant 0.000 
(c) Mitochondria plus supernatant 0.300 
(d) Mitochondria plus 0.1 4M. hypoxanthine 0.200 
(e) Mitochondria plus supernatant plus hypoxanthine 1.030 
(f) As in (e), but supernatant heated at 100° for 5 minutes 0.260 
(g) Mitochondria plus supernatant heated for 5 minutes at 100° 
after preincubation with hypoxanthine for 30 minutes at 37° 0.210 





Note: Approximately 35 mg. dry matter derived from mitochondria of rat liver was 
employed in the tubes so designated. The mitochondria were prepared by standard tech- 
nique (6), but were then lysed in the ensuing washing (Expt. 1) or dialysis (Expt. 2) procedure. 
The supernatant used was obtained after sedimentation of the mitochondria and the larger 
particles of the cell; it was then dialyzed against 0.02 M phosphate buffer, pH 7.4. Other 
ingredients of the reaction mixtures: tyramine, 20 uM.; neotetrazolium chloride, 2.4 uM.; 
pyocyanine, 0.4 uM.; hypoxanthine, 0.1 uM.; phosphate buffer, pH 7.4, 40 uM., ina volume 
of 2.0 ml. Incubated at 37°. Activity expressed as extra absorbancy at 520 my during 30 
minutes’ incubation. 
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Results with a clearer import were obtained by assaying the mitochondrial 
fraction for activity with hypoxanthine derivatives. As seen in Table III, 
DPN, adenylic acid, inosinic acid, and, to a much smaller extent, adenosine 
and ATP, can act as cofactors in a system where purine, hypoxanthine, 
xanthine, and adenine show little or no activity. 


TABLE III 
COMPARISON OF THE EFFECTS OF SOME PURINES ON THE 


AMINE/TETRAZOLIUM SYSTEM OF HOMOGENATE AND 
MITOCHONDRIAL PREPARATIONS OF RAT LIVER 








Relative activity 








Compound tested Homogenate Mitochondria 
None 9 0 
DPN 205 90 -— 110 
ATP 77 80 — 100 
5’-Adenylic acid 100 100 
5’-Inosinic acid 115 80 -— 100 
Adenosine 109 30 - 70 
Inosine 107 20 - 60 
Adenine 6 _ 0 
Hypoxanthine 153 10 - 30 
Xanthine 71 0o- 10 
Uric acid 0 0 
Purine 245 0- 20 





Note: Reaction mixture contained isoamylamine or tyramine, 20 uM.; test compound, 
0.3 uM.; liver homogenate (dry wt.), 28 mg.; mitochondria (dry wt.), 32 mg.; other items as 
under ‘‘Methods’’. Isoamylamine was used with the solubilized, dialyzed liver homogenate 
and with one series of experiments using mitochondria. Tyramine was used with two series 
of experiments with mitochondria. Relative activity is expressed as per cent of that observed 
when 5’-adenylic acid was employed as cofactor. 


(3) Inhibition Studies 


Previously we reported the inhibition of the amine/tetrazolium system by 
cyanide, carbonyl reagents, atabrine, and iproniazid (1). In the present 
study we have extended this part of the investigation to additional metal 
reagents, adenine, and nicotinamide. 

Of the metal reagents tested cyanide, azide, o-phenanthroline, and a,a’- 
dipyridyl all acted as strong inhibitors at concentrations of the order of 10 
molar. The inhibition by cyanide was irreversible as judged by the inactivity 
of cyanide-treated preparations even after their prolonged dialysis against 
water (Expt. 2, Table IV). The inhibitions caused by o-phenanthroline and 
by azide were found to be progressive with increasing concentration (Expts. 
3 and 4, Table IV). At a final concentration of 0.005 M, oxalate caused 
29% inhibition; versene (ethylenediamine tetra-acetic acid) did not inhibit 
at all (Expt. 4, Table IV). 

Attempts were made to reactivate cyanide-treated enzyme preparations 
by the addition of various metals. The following compounds were unable 
to reactivate when they were tested at concentrations between 2.5 X 10 and 
7.5 X 10-* M: ferrous sulphate, ferric chloride, cobalt sulphate, molybdic 
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TABLE IV 


THE EFFECTS OF SOME METAL-CHELATING AGENTS ON THE AMINE/TETRAZOLIUM 
ENZYME SYSTEM OF RAT LIVER 








Final concn. 





Expt. Inhibitor (moles/1.) Activity % inhibition 
1 None 0.650 
KCN 0.0015 0.000 100 
z None 0.820 
KCN 0.0038 0.045 95 
3 None 1.030 
NaN; 0.0005 0.760 24 
NaN; 0.0015 0.410 60 
NaN; 0.003 0.040 92 
4 None 1.020 
o-Phenanthroline 0.005 0.735 28 
o-Phenanthroline 0.01 0.355 65 
o-Phenanthroline 0.02 0.000 100 
a,a’-Dipyridyl 0.005 0.540 47 
Versene 0.005 1.020 0 
K-oxalate 0.005 0.730 29 
0.01 0.695 32 





Note: Reaction mixtures contained tyramine, 20 mwM., as substrate; hypoxanthine, 
0.2 uM., in Expt. 2; inosine, 0.2 uM., in the other experiments; solubilized, dialyzed 
rat liver, 35 mg. dry wt.; other ingredients as described under ‘“‘Methods’”. In Expt. 2 
the liver preparation was dialyzed for 20 hours against a neutral solution of KCN (final 
concn. = 3.8 X 10-3 M), and then against several changes of water for an additional 
30 hours. The control preparation was dialyzed against water for 50 hours. All dialyses 
were carried out at 2-4°. Activity is expressed as extra absorbancy/10 minutes/35 mg. 
dry wt. of tissue. 


TABLE V 


INHIBITION OF THE AMINE/TETRAZOLIUM ENZYME SYSTEM BY ADENINE AND NICOTINAMIDE 











Final Final 
concn. Cofactor concn. 
Expt. Inhibitor (moles/1.) tested (moles/l.) Activity % inhibition 
1 None Inosine 10-4 1.200 
Adenine 510-5 Inosine 10-* 0.480 60 
None DPN 10-4 1.300 
Adenine 510-5 DPN 10-4 0.450 66 
None Adenosine 10-4 1.200 
Adenine 5X10-5 Adenosine 10-4 0.650 46 
2 None Hypoxanthine 10-4 1.840 
Adenine 5X10 Hypoxanthine 10-4 0.640 66 
None Purine 10-4 1.200 
Adenine 5X10-5 Purine 10-4 0.480 60 
3 None DPN 5x10-5 0.590 
Nicotinamide 5X10-§ DPN 5x10-5 0.000 100 
None Inosine 510-5 0.600 
Nicotinamide 5X10-* Inosine 5x<1075 0.000 100 





Norte: Reaction mixtures contained isoamylamine, 20 wM., as substrate; 2.4 uM. of 
neotetrazolium chloride; solubilized, dialyzed rat liver homogenate, 33 mg. dry wt.; other 
additives as shown in table and as described under ‘‘Methods’’. Values represent the 
— in absorbancy during the first 10 minutes after addition of the cofactor to the 
solutions, 
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anhydride, zinc chloride, and cupric sulphate. The copper, zinc, and cobalt 
salts are known to inhibit the enzyme system markedly when added in a 
final concentration of the order of 10-* M (9). 

Adenine acted as a potent inhibitor of the amine/tetrazolium system in 
the presence of DPN, adenosine, inosine, hypoxanthine, and purine employed 
as cofactors (Expts. 1 and 2, Table V). The nature of this inhibition remains 
to be determined. 

In some experiments nicotinamide was added with DPN to protect the 
dinucleotide from the action of hydrolytic enzymes (10). It was found, 
however, that nicotinamide suppressed the reduction of tetrazolium com- 
pletely (Expt. 3, Table V). It will be noted that this inhibition was complete 
at concentrations far below those reported as being necessary for inhibition 
of DPN-ase activity (10). The further observation that this action of 
nicotinamide occurs when inosine replaces DPN as cofactor, again at low 
concentrations, suggests that this compound may exert its actions as a purine 
antimetabolite. 


Discussion 


The first part of this study was initiated in order to delimit the specificity 
of purine compounds as cofactors in a tetrazolium-reducing enzyme system 
where monoamines, among other compounds, can act as substrates. It 
became apparent in the course of the work that a wide range of purines is 
effective here, once certain structural requirements in the purine molecule 
have been fulfilled. Using whole liver preparations as source of enzyme it 
was not possible to learn which of the active compounds was the immediately- 
active, or ‘‘natural’’, cofactor. In fact it was evident that certain bases 
were essentially equivalent in activity to their riboside and ribotide deriva- 
tives, for example, hypoxanthine compared to inosine and inosinic acid. 
These observations are reminiscent of the findings of Holscher (11, 12) that 
ATP and hypoxanthine are equally effective as cofactors in the enzymatic 
reduction of tetrazolium salts by mouse ascites tumor cells and other tissues. 
Holscher (12) also found that adenine and uric acid were ineffective in this 
reaction. 

Studies employing mitochondrial suspensions as the source of enzyme 
revealed activity in a much more limited range of compounds. Thus, adenylic 
acid and some of its derivatives were the only compounds found to serve 
effectively as cofactors in conjunction with the mitochondrial system; the 
corresponding ribosides, adenosine and inosine, were much less active. More 
striking was the finding that purine and hypoxanthine no longer acted as 
cofactors in the mitochondrial system as they did with whole liver extracts. 
One explanation could be that the immediate cofactor is a ribotide, and that 
crude liver preparations contained the enzymes necessary for the conversion 
of the simple bases or their ribosides to the corresponding ribotide. At 
present we possess only indirect evidence that this is the case. This evidence 
stems from two observations: (1) recombination of the mitochondrial sus- 
pension with a well-dialyzed supernatant portion yielded a system fully 
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capable of utilizing hypoxanthine as cofactor just as crude liver extracts did; 
(2) the ability of the supernatant fraction to act in this manner was lost 
after it was heated. If an enzymatic transformation of hypoxanthine into 
a more complex, immediately acting cofactor occurs, it appears likely that a 
multienzyme system is involved which utilizes enzymes in both cellular 
fractions. In this connection some observations of Marinetti and Stotz (13) 
on a fatty acid oxidizing system of rat liver are pertinent: with crude liver 
preparations the oxidation was dependent upon either hypoxanthine or 
adenylic acid, but with mitochondria adenylic acid alone was active as cofactor. 

Finally, a few words may be said concerning the effects of inhibitors on the 
amine/tetrazolium enzyme system. Inhibition of this system by cyanide, 
previously reported (1), is suggestive of the participation of a heavy metal 
at some point in the reactions leading to dye reduction. This possibility is 
now further supported by the finding that the system is sensitive to several 
other metal-binding agents. Reversal of the cyanide inhibition by metal 
salts was unsuccessful, however. Inhibition by cyanide distinguishes the 
dye-reducing system from the aerobic amine oxidase system which, it is well 
established, is not inhibited by cyanide (14). Among several metal reagents 
tested for their effects on the aerobic system o-phenanthroline was consis- 
tently inhibitory at concentrations in the range of 10-* M (15), as it was on 
the anaerobic system. These observations, though limited, indicate that 
further work on the effects of metal-binding agents on these systems is 
desirable. 
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ETHYLENE METABOLISM IN TOMATO FRUIT 
Il. DETERMINATION OF TOTAL AND C¥-LABELLED ETHYLENE! 


Mary S. SPENCER 


Abstract 


A method has been developed for the determination of the radioactivity from 
C-labelled ethylene absorbed in aqueous mercuric perchlorate — ethylene glycol. 
Counting was done on a liquid sample in a gas flow counter. This procedure was 
designed for the analysis of C'*-labelled ethylene evolved by fruit to which 
possible ethylene precursors had been administered. Total ethylenc could be 
measured manometrically on the same sample. The manometric procedure 
permitted analysis for ethylene in quantities evolved by one or two tomatoes or 
other fruit. 


Introduction 


Ethylene is evolved by certain plants and microorganisms (6, 7). Also, 
it has marked physiological effects on living organisms. For instance, ethylene 
has been used for many years to stimulate the ripening of fruit (6) and to 
anesthetize animals (4). 

The mechanisms of production and action of ethylene are not known, but 
in view of the varied and extraordinary biological responses to the gas, 
a study of these mechanisms was thought to be of considerable interest. 
Accordingly, an investigation of ethylene metabolism in tomato fruit was 
undertaken. Since the amounts of ethylene produced by living tissues are 
minute (1), the use of carbon-14 tracers offered advantages in such a study. 

This paper reports methods developed for the assay of both total and carbon- 
14-labelled ethylene. 


Measurement of Labelled Ethylene 


The usual procedure for the determination of carbon-14 compounds is to 
transform them to carbon dioxide by combustion, and to count the CO, pre- 
cipitated as solid BaC“O;. This method has several drawbacks when applied 
to analysis of C'-labelled ethylene. The analytical method which: distin- 
guishes (11) ethylene from other volatile materials produced by plants involves 
absorption of the gas in mercuric perchlorate dissolved in perchloric acid. 
Direct combustion of such a mixture would involve explosion hazards. Also, 
since extremely small quantities of ethylene are involved, avoidance of mech- 
anical transfers and chemical transformations is important in maintaining 
maximum counting levels. Therefore, a simple method for determining 
C}H, without combustion to CO, was sought. 

Schwebel, Isbell, and Moyer (9) determined the characteristics of solvents 
suitable for direct counting of C-labelled compounds in solution. Water 
could not be used because it caused breakdown of the insulation in the counter. 

1Manuscripvt received December 5, 1957. 
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They found that the amount of water that could be present in another solvent 
without interference depended, in part, on the operating conditions, especially 
the temperature, the rate of gas flow, and the design of counter. 


Preparation of the Sample 

Ethylene to be analyzed for radioactivity was absorbed from an air stream 
by a solution of 0.25 M mercuric perchlorate in 2.0 M perchloric acid, forming 
an ethylene—mercury complex (11). This solution, when mixed 15:85 (by 
volume) with ethylene glycol, was found satisfactory for use in our gas flow 
counter.* In these proportions ethylene glycol and 2.0 M perchloric acid 
were completely miscible and there was no detectable change in ethylene 
concentration during counting. This was demonstrated in two ways (Table I). 
First, manometric measurements (11) detected no loss of ethylene on standing. 
Second, there was no significant change in count when consecutive measure- 
ments of radioactivity of the solution were made over a period of 2 or 3 hours 


(Table I). 


TABLE I 


STABILITY OF THE MERCURY-ETHYLENE COMPLEX IN 15:85 MERCURIC 
PERCHLORATE: ETHYLENE GLYCOL 








Counts per minute 
pl. CoH;/ml. {average of 10 determinations) 
Time of — 
standing (hr.) Sample 1 Sample 2 Sample 3 Sample4 Sample 5 Sample 6 








2.84 


7 3200 6143 11,983 11,222 
63 3184 - - - 
2.85 - - 6114 = - 

a re - - 11,886 11,789 


wnre © 





Stainless steel planchettes were used since those made of aluminum were 
attacked by the perchloric acid. 

It was found that the perchloric acid—ethylene glycol mixture tended on 
standing to creep over the edge of the planchette. This was prevented by 
coating the top inside edge of the planchette with a ring of paraffin which 
formed a barrier to migration of the solution. A convenient method for the 
preparation of the planchette was as follows: Molten paraffin was poured into 
a stainless steel cylinder slightly larger in diameter than the planchette. When 
the paraffin solidified it contracted slightly and could be pushed out of the 
metal mold. The wax cylinder thus obtained just fitted the inside of the plan- 
chette. A rigid fiberboard washer of such a thickness as to keep the wax from 
reaching the lower sections of the planchette was placed on top of the wax 
cylinder. The planchette was then warmed, inverted on top of the wax 
cylinder, given one turn, and then placed, still inverted, on a paper towel to 
cool. Any wax on the lip of the planchette was removed by rubbing the hot 


*Flow Counter Model FC2, Nucleonic Company of America. 
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planchette over the towel, or was scraped off with a scalpel when the wax had 
solidified. The paraffin rings prepared in this way were reasonably uniform, 
and no variation in count was observed when the same sample was counted in 
different wax-ringed planchettes. 

The amount of liquid to be placed in the planchette is determined by several 
considerations. The determination of radioactivity is considerably simplified 
when it is possible to use “‘infinitely’’ thick samples because no corrections 
for self absorption need to be made (3). In a cell with an inside diameter of 
36 mm. and a depth of 1.1 mm. as little as 0.5 ml. of liquid gives an infinitely 
thick layer of the solution for counting carbon-14 (9). For comparative runs, 
a suitable uniform volume should be used so that the geometry will be constant. 


Counting Procedures 

A standard was prepared with ethylene-C' of known specific activity ab- 
sorbed in mercuric perchlorate. Total ethylene was measured by the mano- 
metric procedure outlined below and the counting rate was determined under 
the conditions used for the unknown ethylene samples. It was thus possible 
to convert the net observed counting rate to microcuries of C™. 

Table II presents results obtained at different levels of ethylene concentra- 
tion. The samples were prepared by successive dilution with 15:85 mercuric 
perchlorate — ethylene glycol. 


TABLE II 


EFFECT OF DILUTION ON COUNTS OBTAINABLE 








Counts per minute (average of 10 determinations) 








Dilution of stock solution Diluted sample Calculated original concentration 
None 6134 +64 6134 
2X 3141 +59 6282 
4X 1532 +32 6128 
8X 781+22 6248 





The maximum variation obtained was 2.4%, which is well within the preci- 
sion expected of counting procedures. 

The dilution involved when the ethylene - mercuric perchlorate is mixed 
with ethylene glycol for counting reduces the accuracy where the amount of 
ethylene is very low. A study was therefore made of absorbing solutions 
which would not require dilution. 

The effectiveness of a variety of solutions as absorbers was tested by joining 
in series two collecting systems of the usual design. In the first was placed 
25 ml. of the solution to be tested, and in the second, 25 ml. of the standard 
mercuric perchlorate (0.25 M in 2.0 M perchloric acid) absorbing solution to 
trap any ethylene that escapes absorption in the first tube. 
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Manometric determinations (according to procedures outlined below) of 
the ethylene collected were made for several different levels of ethylene. The 
results are summarized in Table III. It is evident that solution 1, the mixture 
used for counting in the above experiments, could not be used for quantitative 
absorption of ethylene. 

As 0.25 M solutions of mercuric perchlorate in 2.0 M perchloric acid were 
known to be efficient absorbers of ethylene, the concentrations of these com- 
pounds were increased so that they would be at these levels after dilution with 
ethylene glycol (solution 2). This solution, and even more concentrated ones 
(up to 3 M mercuric perchlorate in 6 M perchloric acid), proved ineffective as 
ethylene absorbers. One reason may have been the decreased foaming action 
of these more viscous solutions: a large liquid-gas interface is necessary for 
efficient absorption. Further increases in concentration of the mercuric 
perchlorate solution were impossible because of solubility limitations. 


TABLE III 


EFFECTIVENESS OF DIFFERENT SOLUTIONS AS ETHYLENE ABSORBERS 








Solution Concentrations of Ratio of perchlorate Ethylene Ethylene 
number HgClO, and HCIO, solution: ethylene glycol added, wl. absorbed, % 





1 0.25 M Hg(Cl0,). 15:85 180 31 

in 2.0 M HCIO,* 120 39 

59 42 

2 1.67 M He(ClO,). 15:85 398 30 

in 8.0 M HCIO,* 139 69 

3 0.25 M Hg(ClO,)2 20:80 429 58 
in 2.0 M HC10,f 

4 0.25 M He(ClO,): 25:75 312 47 
in 2.0 M HC1O,t 

5 0.25 M Hg(ClO,). 30:79 137 68 
in 2.0 M HC1O,t 

6 0.25 M Hg(ClO,), 35:65 45 100 

in 2.0 M HgClO,t 

7 0.25 M Hg(ClO,). 40:60 50 100 

in 2.0 M HC10,¢ 115 100 

396 100 

8 0.25 M Hg(Cl0;)- 50:50 136 100 


in 2.0 M HCI0,t 





*Molarities refer to concentrations before mixing with ethylene glycol. 
tMolarities refer to concentrations after mixing with ethylene glycol. 


Another approach was tried, in which the proportion of mercuric perchlorate 
solution to ethylene glycol was increased. Inspection of Table III shows that 
complete absorption occurred when there was 35 or more milliliters of 0.25M 
mercuric perchlorate present per 100 ml. of absorbing solution. 

When the proportion of glycol was increased to 85 volume per cent for 
counting, a 1:2.67 dilution was involved. If the ethylene had been collected 
in a simple mercuric perchlorate solution, and then diluted 15:85 with ethylene 
glycol, the dilution would have been 1:6.66. 
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It should be noted that certain living organisms evolve several gases which 
form complexes with mercury, but of these gases only ethylene is liberated 
from the complex on the addition of a chloride (11). In such cases, initial 
absorption in mercuric perchlorate may be followed by addition of lithium 
chloride and liberation of ethylene into a second absorber. 


Measurement of Total Ethylene 


A manometric method developed by Young, Pratt, and Biale (11) for the 
determination of ethylene evolved by kilogram quantities of fruit had been 
used successfully in earlier experiments (10) in our laboratory. Total quanti- 
ties of ethylene of 0.2 ml. (evolved by several kilograms of fruit over 24 hours) 
could be determined with an accuracy of 5%. 

A much more sensitive method for ethylene determination was necessary 
since it was economically impracticable to introduce labelled compounds into 
kilogram quantities of fruit. Single fruits of different varieties evolve from 
1 to 40 uwl./hour of ethylene at their peaks of ethylene production (5, 6, 10). 

Some increase in sensitivity was obtained by use of special Warburg flasks. 
Pratt and Greiner (8) found that with these flasks it was possible to work at 
one third of the original level of ethylene without decrease in accuracy. 


Micro Apparatus for Ethylene Absorption 

Considerable reduction in the amount of ethylene required for analysis 
was obtained by a modification of the method (11) used for kilogram quan- 
tities of fruit. The amount of mercuric perchlorate absorbent was reduced 
from 25 to 4.5 ml. (4 ml. is required for manometric analysis) and the absorbing 
apparatus was scaled down proportionately. The absorption tube was 47 cm. 
long, 9 mm. in inside diameter, and had a 3.2 cm. diameter bulb 27 cm. from 
the bottom. A micro filter stick* with the tip diameter from 2 to 3 mm. was 
substituted for the fritted glass dispersion tube of 12 mm. diameter used in 
the macro determinations. With the addition of 5 wl. of n-butyl alcohol to 
the mercuric perchlorate, and a gas flow rate of 35 ml./minute, good foaming 
was obtained. 

The collection efficiency of the micro system was tested by the passage of 
ethylene-free air into a reaction vessel containing a known amount of ethylene 
dissolved in mercuric perchlorate. Lithium chloride solution (4M) was 
delivered from a reservoir to the reaction flask by means of a capillary drawn 
to a fine tip. The pressure of the lithium chloride solution at the capillary 
tip was maintained by means of a siphon. Addition was regulated so that 
ethylene was freed from its complex at a rate which simulated biological evolu- 
tion. The liberated ethylene was carried by the air stream through a butanol— 
water bulb into the mercuric perchlorate absorber. Manometric and radio- 
activity determinations of the ethylene collected in the absorber showed there 
had been quantitative recovery of the ethylene added to the reaction vessel 


*Microchemical Specialties Company, Catalogue No. 7315. 
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for amounts of ethylene as low as 10 wl. Burg (2) also indicated that it was 
possible to adapt the macro method (11) to the analysis of micro amounts of 
ethylene. 


Manometric Determination of Ethylene in Mercuric Perchlorate — Ethylene 
Glycol Mixtures 

Since maximum sensitivity was obtainable with a minimum amount of 
absorber, and since the ethylene-mercury complex was found to be stable in 
the mercuric perchlorate — ethylene glycol solution, it seemed possible to per- 
form both the manometric determination for total ethylene and the counting 
for radioactivity on the same sample. 

In an experiment designed to test this, two 15 ml. samples from the same 
solution of ethylene in mercuric perchlorate were diluted to 100 ml., one sample 
with mercuric perchlorate (0.25 M in 2.0 M perchloric acid), and the other with 
ethylene glycol. Lithium chloride (4 M) was added to these mixtures in the 
usual way (10) to liberate ethylene, the volume of which was measured with a 
Warburg manometer. As illustrated in Fig. 1, the presence of ethylene glycol 
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_ Fic. 1. _ Effect of ethylene glycol on liberation of ethylene from its mercury complex by 
lithium chloride. (Solid line 15:85 mercuric perchlorate: ethylene glycol; broken line 
mercuric perchlorate.) 
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did not prevent the quantitative liberation of ethylene from its mercury 
complex. However, the rate of liberation of ethylene from the glycol mixtures 
was slower than from simple mercuric perchlorate — perchloric acid solutions. 
At other levels of ethylene (from 2 to 62 wl./ml. of mercuric perchlorate — 
ethylene glycol), equilibrium was reached in 25 to 45 minutes, compared with 
12 to 20 minutes for simple mercuric perchlorate solutions. Similar results 
were obtained with other proportions of mercuric perchlorate to ethylene 
glycol. That is, the glycol had an effect only on the rate at which ethylene 
was freed from its mercury complex, and complete liberation did occur. 

Thus, both manometric determinations of total ethylene and counting of 
C-labelled ethylene could be done on the same sample. This, combined with 
the development of a micro absorption apparatus for collection of ethylene 
opens the way for studies on tissue metabolism of ethylene, even though the 
amounts of the gas involved may be extremely small. 
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FURTHER STUDIES ON THE 
PURIFICATION OF THROMBIN! 


WALTER H. SEEGERS,? WALTER G. LEVINE, 
AND ROBERT S. SHEPARD 


Abstract 


Purified biothrombin (bovine) was fractionated with the use of amberlite 
IRC-50 columns to obtain resin thrombin with an activity of 4100 units/mg. 
dry weight or 45,000 nga tyrosine. As obtained from a resin column in 
0.3 M phosphate buffer, pH 8.0, the thrombin is stable for 5 days at room 
temperature. At 4°C. about 70% of the activity remains after 20 weeks. 
The maximum molecular weight is estimated by comparing with the specific 
activity (2000 units/mg.) and molecular weight (62,700) of purified prothrombin 
as follows: 2000/4100 X 62,700 or 30,600 as the suebelis molecular weight. 
Resin thrombin can lose its fibrinogen-clotting power while esterase activity is 
retained. On the other hand the esterase activity can be depressed without 
diminishing the clotting activity. Resin thrombin lyses fibrin. When examined 
in an ultracentrifuge a single symmetrical peak was found with a sedimentation 
constant of S = 3.9 (20°C., 0.1 M KCl, 5.5 mg./ml.) Citrate thrombin was 
also fractionated with the use of IRC-50 to obtain material with a specific 
activity of 47,000 units/mg. tyrosine. 


In the usual course of events clotting of blood is observed shortly after 
removal from the circulation. In temporary exaggerations of this physiology, 
unusually slow or otherwise undesirable clotting may occur as, for instance, 
observed in hemorrhagic diseases and thrombosis. The phenomenon is 
essentially a series of complicated chemical interactions and for many years 
the view has been held that blood contains a substance called prothrombin 
that is essential for these mechanism to function. Many observations recorded 
in the literature can be understood in terms of the existence of such a substance. 
Furthermore, material has been isolated from plasma that alone can give rise 
to an enzyme, thrombin, possessing the minimum requirements for clotting 
fibrinogen. 

Recently it was found that thrombin can be modified in such a way that it 
loses its clotting power but retains its esterase activity or ability to hydrolyze 
synthetic substrates such as toluenesulphonyl-/-arginine methyl ester (1). 
Contrariwise it can also be modified to retain its clotting power but have the 
esterase activity relatively depressed. For instance in concentrated sodium 
citrate solution or in the presence of purified platelet factor 3, the esterase 
activity of thrombin is greatly diminished, while the clotting potency is 
unaltered. In addition to altering the enzymic properties of thrombin, these 
activities can apparently be associated with molecular structures derived from 
prothrombin as different degrees of degradation. For instance biothrombin 

1 Manuscript received March 1, 1958. 
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has been prepared from purified bovine prothrombin (2). When examined 
in an ultracentrifuge there was a single symmetrical peak having an average 
sedimentation constant approximately equal to that of prothrombin (3). 
The spreading of the boundary pattern was, however, greater than for the 
original prothrombin. To account for this observation one can think of a 
redistribution of the prothrombin protein so that some molecules are larger 
and some smaller than the original. By contrast, citrate thrombin is formed 
with the dissociation of much nitrogenous material as well as carbohydrate (4). 
These observations are most helpful and encourage the further search for 
information about the comparative nature of prothrombin and thrombin. 
In addition to noticing the properties discussed above we want to know 
whether there are other prothrombin derivatives and how to obtain them 
in a homogeneous state. 

The experiments described below are concerned with the preparation of a 
fraction from prothrombin by means of an ion exchange resin column. The 
resin thrombin obtained has a specific activity of 4100 units/mg. dry weight 
and is homogeneous upon analysis with an ultracentrifuge. Its molecular 
weight is approximately half that of prothrombin. In physiological saline 
solution at room temperature the clotting activity decreases after several 
days while the esterase activity remains unaltered. On the other hand, when 
the thrombin is placed in a 25% sodium citrate solution, the esterase activity 
is depressed and much of the tyrosine becomes soluble in trichloroacetic acid. 
The technic of ion exchange chromatography has been employed extensively, 
as, for example, in the fractionation of proteins, such as hemoglobin, chymo- 
trypsinogen, hyaluronidase, lysozyme, ribonuclease, angiotonin, cytochrome 
c, lactoperoxidase, prothrombin (5), and also thrombin (5,6). For the latter, 
Rasmussen (6) reported the successful fractionation of thrombin on IRC-50 
using sodium phosphate buffer. He started with a commercial thrombin 
preparation from the Leo Pharmaceutical Company and no figures are available 
for its purity or specific activity. We have used his technic successfully, 
and with only slight modification, to obtain our fractions. Most likely we 
started with much more active thrombin preparations than he used and thus 
our observations are concerned with a different perspective. 


Materials and Methods 


Prothrombin was isolated in purified form from bovine plasma according 
to the methods of Seegers and associates (7). Some, but not all of these 
preparations contained small amounts of Ac-globulin. Only those prepara- 
tions containing Ac-globulin were used in this investigation. Prothrombin 
activity was assayed by the two-stage procedure as modified by Ware and 
Seegers (8). Biothrombin was prepared by activating purified prothrombin 
in the presence of lung thromboplastin and calcium ions (9). After activation, 
the lung thromboplastin was removed by centrifugation at 104,000 g. The 
thrombin was then precipitated from the supernatant solution by the addition 
of an equal volume of cold acetone. This precipitate was washed twice with 
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acetone, placed in a desiccator connected to a vacuum pump, and then stored 
in the desiccator. The dried biothrombin was used a few days after pre- 
paration. Since we realized that no stability data were available on dried 
biothrombin we obtained information on this question. The acetone-dried 
biothrombin was placed in open tubes and further dried over P.O; in a vacuum 
desiccator. After two days the tubes were sealed and put in an oven at 50° C. 
At various times a tube was removed to determine the specific activity in 
terms of units per milligram of tyrosine. The results were: control, 28,000; 
2 weeks, 32,000; 4 weeks, 24,000; 6 weeks, 27,000; 8 weeks, 12,000; and 
12 weeks, 10,000 units/mg. tyrosine. Citrate thrombin was obtained by 
activating purified prothrombin in a .25% sodium citrate solution. The 
thrombin was precipitated with 36% sodium citrate, dialyzed to remove 
citrate, and dried with acetone. These procedures have been described 
previously (2). The clotting activity of thrombin was measured by the method 
of Seegers and Smith (10), and the esterase activity by its ability to hydrolyze 
toluenesulphonyl-/-arginine methyl ester (11). 

Tyrosine was determined by a modification (12) of the method of Folin and 
Ciocalteu (13). Carbohydrate was measured with the anthrone reaction (14). 
Solubility in trichloroacetic acid was determined by -methods previously 
described (4). 

IRC-50 (XE-64), a cation exchange resin, was obtained from the Rohme 
and Haas Company and further processed as described by Hirs (15). This 
included a settling process to remove the fines, drying with acetone, screening 
with a 200-mesh sieve, and rejecting that material which did not pass through 
the sieve. Columns were prepared by heating the end of a Pyrex tube of 
suitable length until a 3 to 4 mm. aperture was formed. A filter paper plug 
was inserted to retain the resin. 


Results 


Adsorption and Elution of Thrombin 

For chromatographic fractionation, IRC-50 was equilibrated at pH 7.0 
with 0.05 M sodium phosphate buffer and a column 2.2 X 25 cm. was poured. 
Rasmussen (6) reported successful separation on a column only 15 cm. high; 
however, we obtained poor resolution when columns much less than 25 cm. 
high were used. Two hundred and thirty milligrams of the biothrombin, 
dissolved in 2.5 ml. buffer, was placed on the column and eluted with 0.3 M 
sodium phosphate buffer, pH 8.0. Since the flow rate may change due to 
swelling of the resin, volume collection is required. Each fraction was 
analyzed for protein by the ninhydrin method of Moore and Stein (16). 
A typical experiment is illustrated by means of Fig. 1. 

A protein peak was immediately eluted from the column, then there were 
many smaller protein fractions. Much later, thrombin activity appeared in 
a single protein peak collected in the 13th through 15th holdup volumes. 
The whole procedure required about 24 hours. After the thrombin was 
eluted no protein appeared in the eluate, even when buffer was run through 
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the column for extended periods of time. The pH changes observed have 
to do only with the reaction between the buffer and the resin, the same changes 
being observed whether or not any protein was on the column. Fractions 
containing the thrombin were analyzed for tyrosine to get specific activity 
measurements. The average activity found over the course of many prepara- 
tions was 45,000 units/mg. tyrosine. Thrombin prepared in this manner is 
referred to as resin thrombin. 
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Fic. 1. Adsorption of biothrombin on amberlite IRC-50 (XE-64) column conditioned 

at pH 7.0. 
Stability of Resin Thrombin 

The stability of resin thrombin in sodium phosphate buffer was next 
considered. A fraction eluted from the column was stored both at room 
temperature and in a refrigerator at 4° C. The original activity of the material 
was 46,000 units/mg. tyrosine, and the pH was 6.32. At room temperature 
the activity or clotting power remained stabile for 5 days, but then was rapidly 
lost (Fig. 2). At 4° C. it was very stabile. After 7 weeks, about 93% of the 
activity remained and 71% was still present after 20 weeks. The stability 
of thrombin under these conditions is considerably better than that of previous 
preparations. From the observation that activity was unchanged after 
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Fic. 2. Stability of resin thrombin at 4°C. and at room temperature in 0.3 M 
phosphate buffer, pH 6.3. 
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5 days at room temperature, it can be assumed that no loss of activity occurred 


on the column during the chromatography procedure which usually required 
25 to 30 hours. 


Removal of Salt 


For further investigation we wanted to remove the salts from the preparation 
and concentrate the thrombin. With many proteins, dialysis and drying 
from the frozen state would suffice for this purpose. With resin thrombin, 
however, both of these manipulations are accompanied by a loss of activity. 
For example, in one experiment the thrombin was in sodium phosphate solution 
and dialyzed against distilled water. About 80% of the activity was lost 
in the first 30 minutes. This loss was associated with alteration of the molecule 
rather than with loss through the dialysis membrane or adsorption on the 
membrane. Presumably protein aggregates form. Other methods were 
therefore resorted to for salt removal, and it was some time before a successful 
approach was found. The thrombin, as taken from the IRC-50 column, 
was precipitated in the cold by the addition of ammonium sulphate powder 
to 75% of saturation. The sodium phosphate, being soluble under these 
conditions, remained in solution. The thrombin was then sedimented with a 
centrifuge, dissolved in water, and precipitated by adding an equal volume 
of acetone previously cooled in a dry ice—alcohol mixture. The acetone 
precipitation was repeated several times to insure the removal of all ammonium 
sulphate. With the salts thus removed, the dry weight of resin thrombin 
products could be determined. The thrombin was dissolved in a small amount 
of water. The activity was then determined, and a sample was dried in a 
desiccator and weighed. From the activity and the dry weight of the protein 
the activity in units per milligram dry weight was determined. Four successive 
preparations yielded 4200, 3900, 4270, and 4030 with an average activity 
of 4100 units/mg. dry weight. Not all of the dry material dissolves when 
placed in water; but the soluble protein has an activity of 45,000 units/mg. 
tyrosine just as received from the resin column. 

Prothrombin has an activity of 2000 units/mg. dry weight (7) and its mole- 
cular weight (3) has been found to be 62,700; hence, the calculation 2000/4100 
X 62,700 or 30,600 gives the maximum as well as the probable molecular 
weight of resin thrombin. This molecular size corresponds to one of the 
subunits derived from prothrombin in phthalate buffer at pH 4.92-6.0, and 
could be a dimer (17). 

The resin thrombin was observed in a Spinco analytical centrifuge for 
110 minutes at 59,780 r.p.m. Throughout this time a single symmetrical 
peak was seen. The thrombin was dissolved in 0.1 M KCl at a concentration 
of 5.5 mg./ml. and the run was done at 20°C. Under these conditions data 
were obtained to calculate a sedimentation constant which was S = 3.9. 


Further Fractionation of Resin Thrombin 


We determined that the activity of resin thrombin could not be increased 
by subjecting it to a second fractionation on the ion exchange column. In one 
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experiment resin thrombin was adsorbed and eluted exactly as described for 
biothrombin. Essentially all of the protein was eluted in a single peak and 
all of the thrombin was contained in that peak, and the specific activity was 
the same as previously. 

In a second experiment resin thrombin was chromatographed on an ion 
exchange column using sodium phosphate buffer, pH 7.4. This is the alternate 
method described by Rasmussen (6). All thrombin activity appeared in a 
single peak. During the preparation of the resin thrombin selected for this 
particular experiment, partial inactivation was seen during the salt removal 
process. The specific activity had dropped from 46,000 to 34,000. In all 
probability, the two protein peaks appearing previous to the thrombin repre- 
sented this inactive material. We think the resin thrombin preparations 
represent the highest degree of purity obtainable by these methods. 


Fractionation of Citrate Thrombin 

This thrombin was obtained in highly active form by Seegers and Alkjaersig 
(2), but not as homogeneous material. Their technic of fractionation with 
sodium citrate was not sufficient for that purpose probably because the 
thrombin tends to form aggregates. We again followed their procedures and 
were able to reproduce their work. The activated prothrombin was frac- 
tionated with sodium citrate and the thrombin precipitate was dissolved 
in water and dialyzed against water for 2 hours in the apparatus described 
by Seegers (7) to remove most of the sodium citrate. Then the thrombin 
was processed by the adsorption-elution technic on the IRC-50 column. 
As in other work the thrombin appeared last as a separate peak in the 13th 
through 15th holdup volumes. The specific activity was 47,000 units/mg. 
tyrosine. 


Miscellaneous Properties of Resin Thrombin 

When the resin thrombin is dissolved in 25% sodium citrate solution the 
esterase activity is depressed just as occurs with biothrombin (1). At the 
same time about 20% of the tyrosine becomes soluble in trichloroacetic acid. 
Thus this thrombin can be degraded to a smaller unit; however, the quantity 
of tyrosine that is made soluble is less than reported for biothrombin (2). 
Eventually it should be possible to separate thrombin different in composition 
from resin thrombin. 

If resin thrombin is left to stand at room temperature in physiological 
saline solution the clotting activity is lost more rapidly than the esterase 
activity. Eventually only the latter remains. 

Quantitative analysis indicates 1.6% carbohydrate. 

Purified resin thrombin was also tested for fibrinolytic activity. First, 
purified fibrinogen of bovine origin was prepared by the method of Ware, 
Guest, and Seegers (18). These preparations, as made in this laboratory, 
usually consist of 95% or more of clottable protein but no analysis was made 
on the particular lot we used. A minimum amount of resin thrombin was 
added to get fibrin; then, this was washed and suspended in boiling water 
for 15 minutes to destroy any fibrinolysin (plasmin) that might be there. 
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Two thousand units of resin thrombin and 15 mg. of fibrin were suspended in 
1 ml. buffer, pH 7.4, and tyrosine measurements were made on the supernatant 
fluid. In 24 hours 0.3 mg. of tyrosine were split from 15 mg. of fibrin. 
Assuming approximately 10% tyrosine in the fibrin preparation, 20% of the 
fibrin was lysed by the thrombin. 


Discussion 


The resin thrombin isolated in this work represents homogeneous material 
upon examination with an ultracentrifuge. Repeated chromatography does 
not alter the properties and thus this kind of thrombin probably cannot be 
further purified by these methods. Its activity corresponds to that of material 
obtained from citrate thrombin on the resin columns but not so extensively 
studied. These facts can be added to those previously reported in the 
literature and a correlation can be developed in accordance with the following 
diagram which applies to material of bovine origin: 
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Citrate resin thrombin 


The isolated prothrombin can be placed in concentrated sodium citrate 
solution. First, it loses its capacity to become thrombin when diluted and 
placed in the reagents used for the two-stage analysis of prothrombin (19). 
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Shortly thereafter, it (prothrombin derivative I) again regains the property 
or capacity to form thrombin (19). At that time (prothrombin derivative IT) 
the protein is sensitive to the reagents in the two-stage analysis; however, 
much of the carbohydrate, tyrosine, and other materials have dissociated and 
are soluble in trichloroacetic acid. This material is thus neither the original 
prothrombin nor is it thrombin. Next, thrombin activity develops, the 
clotting power and esterase activity being present in about equal proportion. 
This thrombin has been separated on the IRC-50 column but not extensively 
studied. The molecular size and highest possible activity are probably the 
same as for resin thrombin. 

The isolated prothrombin can be activated in several ways to convert it to 
biothrombin (2). The subunits stay together or rearrange to molecular sizes 
almost the same as the original prothrombin (3). Upon standing or treatment 
with ninhydrin the clotting power is lost and the esterase activity is largely 
retained. On the other hand biothrombin can be placed in concentrated 
citrate solution to dissociate and have the esterase activity depressed (1). 
Such depression of esterase function also occurs in association with protamine 
sulphate or purified platelet factor 3 (1); but no one has inquired whether 
the addition of either of the last mentioned substances dissociates the 
biothrombin. 

The isolated prothrombin can be put through the IRC-50 resin column and 
it retains its original integrity and sedimentation constant (5). The bio- 
thrombin, on the other hand, separates on the same IRC-50 column and about 
half of the material is obtained as resin thrombin with a specific activity of 
4100 units/mg. dry weight or double that of prothrombin or biothrombin. 
We estimate its maximum molecular weight to be 30,600. This resin thrombin 
would probably be a dimer on the basis of the sedimentation constant found 
and in accordance with structural studies of prothrombin (17), and would 
be twice the minimum molecular weight given for resin thrombin calculated 
on the basis that 1 mole of thrombin combines with 1 mole of diisopropyl 
fluorophosphate (20). 

Like biothrombin, the resin thrombin loses its clotting power on standing 
or when ninhydrin is added. The esterase activity does not disappear so 
rapidly. Contrariwise, in concentrated sodium citrate solution the esterase 
activity is depressed without changing the clotting power, and apparently 
the molecule dissociates. This might mean that a subunit of different size 
than a multiple of 15,000 is possible. However, the isolation work on this 
hypothetical structure still needs to be done. 
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EFFECTS OF DIFFERENT DIETARY FATS AND OF CHOLINE 
ON HEPATIC AND SERUM LIPIDS OF RATS'! 


C. H. Best, C. C. Lucas, JEAN M. PATTERSON, AND JESSIE H. RiIpouT 


Abstract 


The effects in young male rats of 10 edible oils and fats on total hepatic lipids 
and serum cholesterol have been compared in the presence of various amounts of 
dietary choline. The fats were incorporated at the 20% level in a basal hypo- 
lipotropic diet (15% protein) free from cholesterol. The diets were fed for 3 
weeks. Food intake and efficiency of conversion of food to body tissue were 
similar with the different fats when choline was adequate; diets containing corn 
oil were possibly slightly less efficient. The fat-free basal ration caused heavy 
mortality from hemorrhagic kidney lesions. The survival rate was improved by 
all fats except Primex or beef fat. Coconut oil gave complete protection against 
renal damage. 

There was a negligible difference in the tendency for different fats to cause 
deposition of total hepatic lipids, although sunflower seed oil produced less 
accumulation at lower dosages of choline than did the others. The fats did 
differ in the extent to which they promoted deposition of cholesteryl esters. 

No significant differences were found in the total cholesterol of serum of rats 
fed the different fats. The decrease in serum cholesterol that occurs in the 
absence of dietary choline does not appear to be influenced by the nature of the 

‘dietary fat. 


Introduction 


The rat has been used extensively to study the effects of diet on liver lipids. 
This species has been less suitable for determining the effects on serum lipids, 
partly because the small volume of blood that may be withdrawn restricts 
the amount of work possible with the analytical methods available. In spite 
of this limitation, several workers have studied the effect of diet on the level 
of serum cholesterol in rats. Few comparisons in rats have been made, how- 
ever, of the effects of different fats in the absence of added cholesterol (9, 21, 26). 

Hartroft (18) has recently reviewed the literature dealing with the liver 
lipids resulting from feeding various fats in hypolipotropic diets. Since then 
there have been several new contributions (3, 4). A point which has not been 
emphasized is the possibility that dietary inadequacies may not affect the 
response to all dietary fats in the same way. For this reason we believe, as 
we have indicated in an earlier publication (7), that in designing basal diets 
for studies of lipotropic phenomena multiple deficiencies should be avoided, 
i.e. the diet should be adequate except for the single factor under investigation. 
We are reporting here some effects in rats of a number of different fats fed at 
the 20% level in a balanced basal diet believed to be complete except for the 
lipotropic factors. Data will be given for food consumption, growth, liver 
lipids, and serum cholesterol as a result of the feeding of these fats in diets 
containing different amounts of choline. 

1Manuscript received January 22, 1958 

Contribution from the Banting and Best Department of Medical Research, University of 
Toronto, Toronto, Ontario. A preliminary report of this work was presented before the Divi- 


sion of Biochemistry of the Chemical Institute of Canada, at the 40th Annual Conference, 
Vancouver, B.C., June 1957. 
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Methods 


Male rats (Wistar strain, 70 to 100 g.), kept in individual cages, were fed 
purified diets containing fat (20%) for periods of 3 weeks. The percentage 
composition of the basal diet was: alcohol-extracted peanut meal( solvent- 
process) 12, soya protein (Drackett) 8, casein (vitamin-free) 1, cystine 0.2, 
salts 3, sucrose—-vitamin mixture 1, celluflour 1, corn starch 10, dextrin 10, 
sucrose 33.8, fat 20, and vitamins A, D, and E (for details see Ref. 6). To 
minimize development of rancidity the diets were kept at 4° in tightly closed 
tinned cans. Earlier studies (28) had established that this basal diet, when 
supplemented with choline, gives good growth in young rats. It supplies 
15% of protein and provides liberal amounts of all the essential amino acids. 
Methionine (190 mg. per 100 g.) was much lower than in some of our earlier 
basal diets, but appeared to be adequate in the presence of ample choline: 
supplementation with 0.4% di-methionine did not increase the rate of growth 
(about 5 g. per day). The vitamin mixture used in the present study differed 
from that used by Young et al. in that vitamin Bj. was omitted because it 
favors the biosynthesis of methyl groups. This ration supplies about 4.8 
Calories/g. (37% from fat). 

The oils and fats studied were, in order of decreasing iodine number: sun- 
flower seed oil, corn (maize) oil, peanut (arachis) oil, olive oil, Primex (hydro- 
genated cottonseed oil), oleomargarine fat (Margene), lard, beef fat, butter- 
fat, and coconut oil. The butter and Margene as purchased were melted on a 
water bath and centrifuged while warm. The clear oils were decanted and 
used for this work. The approximate iodine values of the fats and the ab- 
breviations used in the figures and tables are given in Table I. 


TABLE I 


AVERAGE DAILY FOOD INTAKES AND GAINS IN WEIGHT OF RATS FED DIETS 
CONTAINING DIFFERENT FATS AND ADEQUATE CHOLINE 














Gain in Av. food Food /g. 
Dietary fat and I.V. Abbrev. No. rats 21 days, g. per day, g. gain, g. 











Sunflower seed oil Sr 8* 70 10.7 $21 
6t 75 11.9 3.20 

Corn (maize) oil Cn 11 45 9.1 4.25 
120 8 45 8.9 4.15 

Olive oil Ov 8 62 10.2 3.46 
85 6 71 10.9 3.23 

Primex Px 11 54 9.0 3.50 
65 8 56 9.8 3.67 

Margarine fat Mn 8 68 10.5 3.24 
65 6 54 9.4 3.65 

Lard Ld 10 56 9.5 3.56 
55 8 56 9.2 3.44 

Beef fat Bf 11 60 9.6 3.36 
40 8 76 10.8 2.99 

Butterfat Br 12 55 9.5 3.63 
30 6 $1 9.6 3.95 

Coconut oil Ct 11 51 9.1 3.74 
8 61 9.9 3.40 





*Data on the first line refer in every case to findings in rats fed diets containing 0.12% 
choline chloride. . . : ~ 
{Data on the second line refer to findings with diets containing 0.36% choline chloride. 
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Most of the feeding trials were done with from 6 to 8 animals per group. 
Some tests at the lower dosages of choline were repeated several times between 
December, 1955, and May, 1957. In many cases the severely hypolipotropic 
basal diets caused hemorrhagic kidney lesions; because of the anticipated 
higher mortality on the basal diets 10 animals were always started in these 
groups. Details of the care of the animals, the extraction of lipids, and the 
analytical procedures have been described previously (5, 23). Free and total 
cholesterol were determined in both the liver and serum lipids, but total values 


only are reported since the free portion in both cases remained relatively 
constant. 


Results 


The average food intake, when choline was adequate (0.12%), was relatively 
constant between 9 and 11 g. per day. There was no great difference in the 
ability of the fats to promote growth, a fact already noted by others (9, 14). 
Slightly more food containing corn oil was required to produce 1 g. of increase 
in body weight than of diets containing any other fat (about 4.2 g. vs. about 
3.5 g. on the average). 

The basal diets lacking choline resulted, in most cases, in a high mortality 
from hemorrhagic kidney lesions (Table II). Only 3 out of 10 rats fed the 
fat-free control diet survived. Inclusion of fat in the diet usually improved 
the survival rate (seven fats out of nine), but neither Primex nor beef fat 
changed the incidence of the fatal lesions (7 survivors out of 25 and 9 
out of 34, respectively). In this sense, therefore, these two fats could be 
considered the least beneficial (or the most harmful) of those fed. Coconut 
oil afforded complete protection; no kidney lesions could be detected (examina- 
tion in the gross) in any of the 22 rats studied. Sunflower seed oil, olive oil, 
and butterfat reduced the mortality greatly (survival 80-90%). In the case 
of butterfat the kidneys of 12 out of 15 rats appeared completely normal; with 
olive oil only 3 out of 10 and with sunflower seed oil only 2 out of 10 
appeared normal. The diets containing lard, Margene fat, and corn oil gave 
about 50% survival (14/25, 9/16, and 12/26, respectively). A very small 
amount of choline chloride afforded protection against the kidney lesions; as 
little as 0.02% gave 100% survival except in the case of Primex, lard, and beef 
fat (90% survival). 

The effects of the different fats on the deposition of total lipids in the liver 
at several doses of choline are given in Table II. As we have indicated in 
previous publications and as others have noted (3) the individual values as a 
result of any treatment are usually consistent within experiments; con- 
siderably more variation is observed when data from similar groups run at 
different times are compared. This is particularly true with smaller doses of 
choline chloride. When animals are developing kidney lesions their appetite 
decreases progressively until the crisis is reached. During this period of dim- 
inished food intake the liver lipids do not increase. If the animal survives, 
food consumption begins to pick up and deposition of liver lipids is resumed. 
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The interval between the crisis and the termination of the experiment, and 
the food intake during this period, will affect markedly the terminal amount of 
liver lipids. For this reason limited importance should be attached to the 
exact amount of lipids recorded for the basal groups when the basal diet is 
severely hypolipotropic. Considerable variation was still observed in our 
study with the smaller doses of choline, but because of the higher survival rate 
the findings are more significant. The general nature of the dose-response 
curve for any one fat is remarkably reproducible. The data in Fig. 1 and Table 
II illustrate the similarity of the responses to the different fats. It was 
considered unwise to attempt to present curves for all of the fats because so 
many of the lipid values lie close together. Regardless of the kind of fat used 
in these diets, the total liver lipids were essentially normal when the amount 
of choline chloride present was between 0.12 and 0.16%. 





40 


30h ; * © Corn oil ------ 
5 7 \ © Lard eamenn 


20h ‘ e Butter fat 





TOTAL LIVER LIPIDS 
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DIETARY CHOLINE 
Fic. 1. The effect of different doses of choline (mg. of choline chloride per 10 g. diet) 
on the total liver lipids (% of fresh tissue) of rats fed diets containing 20% of corn oil, lard, 
and butterfat, respectively. 

Normal values for lipid components in the livers from young adult male rats 
of our colony, eating a commercial ration, have been determined on a number 
of occasions at intervals of about 2-3 years. The data from groups of 10 
rats have shown average values for total liver lipids from about 5.8 to 6.7 
(+ S.D. 0.6)% of fresh tissue and the average total cholesterol varied from 
0.24 to 0.30 (+ S.D. 0.03)% fresh tissue. As we have explained elsewhere (22) 
it is advisable to express the liver cholesterol data as percentage of dry, fat-free 
tissue residue (dffr). The average value for total cholesterol calculated to 
this base varied from 1.0 to 1.4 (+ 0.2)%. The corresponding average values 
for normal females were: total lipids 6.3 to 7.1 (+ 0.4)%, total cholesterol 
0.23 to 0.30 (+ 0.02)% fresh weight or 1.1 to 1.4 (+ 0.2)% dffr. 

The unsaturated oils produced a greater accumulation of cholesterol in the 
livers than did the more saturated fats such as butterfat or coconut oil, whether 
one expresses the values as per cent fresh weight, per cent dry, fat-free tissue, 
mg. per liver, or mg. per 100 g. of rat. (On the latter basis, the average 
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animal fats (Figs. 2 and 3). 


CHOLESTEROL 


CHOLESTEROL 


Fics. 2 and 3. 
dry fat-free tissue residue (dffr), and the total lipids expressed as % fresh tissue. 
to the symbols is given in Table I. 
normal values occur. 
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total cholesterol in the livers of rats fed olive oil, butterfat, and coconut oil 
without choline were 81, 54, and 39 mg./100 g., respectively.) 
more cholesterol per unit of hepatic lipids accumulated when the unsaturated 
vegetable oils were fed than when the diets contained the more saturated 
Probably the emphasis should be placed on the 
degree of unsaturation rather than on the biological origin since the lowest 
ratio of all was obtained with coconut oil, a vegetable product, but possessing 
the lowest iodine value (about 10) of the fats tested. 
relationship between the amount of total cholesterol and of total lipids de- 
posited in the liver is apparent in Fig. 2. 
the fats shown in Fig. 3 were fed. 


Considerably 


An essentially linear 


This linearity did not result when 
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The key 


The stippled areas represent the region in which the 
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Values for total cholesterol in the serum of the rats fed the different dietary 
fats are shown in Fig. 4. The normal values in our colony are 70 (+ S.D. 11) 
mg./100 ml. serum, of which 12 mg. are free. The fact that the blood samples 
were obtained 16 hours after the last meal and that as a rule the stomach was 
empty precludes any marked variation due to effects of postprandial absorption. 
In the present tests no fat or oil produced a level of serum cholesterol that dif- 
fered significantly from that produced by any other. In every case the serum 
cholesterol was low in the rats fed the choline-free basal diet. In many cases 
inclusion of as little as 0.03% choline chloride was sufficient to restore the level 
of serum cholesterol to within the normal range; 0.36% choline chloride often 
caused a slightly greater elevation of the serum cholesterol but even with high 
doses of choline the values never exceeded the upper limit of the normal range. 
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Fic. 4. The effect of 10 different dietary fats on the total serum cholesterol of male rats 
fed diets without and with choline. Abbreviations as in Table I, with the addition of 
peanut oil, Pt. Mean serum cholesterol values (mg. per 100 ml.) are given with the stand- 
ard deviations shown by vertical lines through tops of the columns. The stippled region 
represents the range of normal values in rats of our colony. 


Discussion 


A beneficial effect of choline is apparent in these diets, apart from any pro- 
tection against the development of kidney lesions. It is most obvious in the 
rats consuming the diets containing coconut oil where no deaths or kidney 
lesions developed, even in the absence of choline. The amount of the basal 
ration required to produce 1 g. gain in body weight was high, 6.0 g., compared 
with 4.6 g. when a small amount (0.03%) of choline chloride was present or 
3.9 g. when the diet contained 0.06% choline chloride. As shown in Table I 
still smaller amounts (3.7 g. or 3.4 g.) were required when the diets contained 
0.12 or 0.36% of choline chloride, respectively. A similar beneficial effect of 
choline, as reflected in improved efficiency of conversion of food to body tissue, 
was noted with all the other fats. 

The food intake when different fats were fed with adequate choline was 
remarkably constant at about 10 + 1 g. per day and the food required to pro- 
duce 1 g. gain in body weight was 3.5 + 0.2 g. in the case of all fats except for 
one (Table 1). We do not attach too much significance to the slightly higher 











620 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


value (4.2 g.) obtained with corn oil. Our results are in accord with those of 
Deuel et al. (14, 15), who have reviewed much of the pertinent literature dealing 
with the comparative nutritive value of fats. They studied the effects on 
growth of seven different fats in weanling male and female rats fed an adequate 
diet (mineralized skimmed milk powder 70.6%, fat 29.4% plus vitamins and 
commercial butter flavor) for 12 weeks. They concluded that there was no 
significant difference in the growth-promoting properties of butterfat, corn 
oil, cottonseed oil, margarine fat, olive oil, peanut oil, or soya bean oil. Bose 
and Subrahmanyan (9) reached the same conclusion about the growth promoted 
by peanut oil, vanaspati (a margarine-like product derived from it by hydro- 
genation), or cow-ghee (butterfat) when fed in an adequate diet. 

Although some workers (3, 4, 11, 12, 13) have reported marked differences 
in the ability of different fats to increase liver lipids, we failed to observe this. 
Sunflower seed oil was a possible exception. In our diets it consistently resul- 
ted in the least accumulation of liver lipids at the lower dosages of choline. 
The mean total lipid values produced by sunflower seed oil in diets containing 
0.02% and 0.03%, respectively, of choline chloride were compared statistically 
with the corresponding lipid values observed when corn oil, olive oil, and butter- 
fat, respectively, were fed. By the usual “‘?’”’ test it was shown that in each 
case the differences observed between the effects of sunflower seed oil and of 
each of these others would occur by chance less than once in a hundred times 
and in most cases P was < 0.001. These differences decreased as the choline 
content of the diet increased. Similar ‘‘?’’ tests were applied to the differences 
between the values obtained with corn oil, butterfat, and lard at 0.03% level of 
choline chloride: for corn oil vs. butterfat P=0.03, and for corn oil vs. lard 
P=0.25. Corresponding probabilities at 0.06% of dietary choline were 0.1 
and 0.25. The small differences observed in the total liver lipids following 
consumption of these fats are not statistically significant except in the case of 
sunflower seed oil. Our findings do not support the idea (3, 4) that diets 
containing butterfat or lard produce a greater deposition of hepatic lipids, or 
require more choline, than do those containing corn oil or margarine. 

The fact that the basal diets used in the present study contained 15% of 
protein, which provided all the essential amino acids except methionine in 
liberal amounts, obviated any complication due to periportal fat which is 
observed when diets low in protein are fed (8, 19, 20, 24, 25). The over-all 
adequacy of our basal diet and the absence of rancidity may account for the 
differences between our results and some in the literature. Deuel et al. (14) and 
others have pointed out that greater palatability favors increased appetite and 
that in some studies flavor rather than nutritive value of the diet may be a 
governing influence. Since an increase in liver lipids (even in the absence of 
choline) cannot be maintained unless the calorie intake is sufficient, anything 
that interferes with the food intake will affect the level at which the hepatic 
lipids tend to become constant. 

Some years ago we showed (5) that as glycerides accumulate in the liver there 
is a concomitant increase in cholesteryl esters. In the present study it was 
found that although (with the exception of sunflower seed oil) the dietary 
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fats did not differ significantly in their effects on the deposition of total hepatic 
lipids, they did differ in their tendency to promote deposition of cholesteryl 
esters. Olive oil produced the greatest accumulation and coconut oil the least: 
with no choline in the diet the values for total hepatic cholesterol (% dffr) were 
8.26 + 1.98 and 3.46 + 0.42, respectively. A smaller accumulation of chol- 
esterol occurred in the rats fed the fat-free diet (3.20 + 0.16%). When few 
or no deaths occur, investigators may not realize that sometimes the animals 
fed on hypolipotropic diets have been seriously ill from the kidney involvement 
and that cholesterol levels in liver and serum may be very erratic due to the 
variations in food intake. With 0.03% choline chloride in the diet there were 
no deaths, but very considerable accumulation of cholesterol occurred in the 
liver. In order of increasing magnitude the total cholesterol values (% dffr) 
were: coconut 2.43; Primex 2.84, Margene fat 2.98, sunflower seed oil 3.44, 
lard 4.33, butterfat 4.64, beef fat 4.66, corn oil 5.31, and olive oil 6.25. This 
order was not adhered to exactly at all doses of choline, indicating that the 
degree of lipotropic inadequacy of the diet affects the results in a manner at 
present unpredictable. In every case, however, coconut oil gave the lowest 
value and olive or corn oil gave the highest. Avigan and Steinberg (2) found a 
significantly higher concentration of cholesteryl esters in the liver with corn 
oil than with coconut oil. Our findings are similar. 

The more unsaturated vegetable oils (sunflower, corn, and olive) promoted 
deposition of cholesterol and lipids in constant proportions (Fig. 2), the ratio 
total cholesterol (% dffr)/total lipids (% wet weight) being characteristic for 
each oil. In the case of butterfat, beef fat, and Margene fat, the ratio in which 
cholesteryl esters and glycerides (the two components that accumulate) are 
being deposited is not constant but undergoes a change as fat accumulates in 
the liver (cf. Fig. 3 and Table III).* However, these differences in lipids 
deposited are obviously not due to the animal or vegetable origin of the fats or 


TABLE III 


EFFECT OF DIFFERENT FATS ON RELATIVE RATES OF DEPOSITION OF 
TOTAL HEPATIC LIPIDS AND OF CHOLESTEROL 














Corn oil Butterfat 
Corresponding Increment in Corresponding Increment in 

Total lipid, cholesterol cholesterol /5% change cholesterol cholesterol/5% change 
% fresh tissue % dffr in total lipid % dffr in total lipid 

5 0.95 _ 1.00 _ 

10 1.85 0.90 1.30 0.30 

15 2.75 0.90 1.68 0.38 

20 3,62 0.87 2.22 0.54 

25 4.50 0.88 2.82 0.60 

30 5.39 0.89 3.67 0. 

35 6.27 0.88 4.70 1.03 





to the I.V. since lard, corn oil, and Primex all give straight lines. One is a fat 
of animal origin and the other two are vegetable oils, one having been hydro- 
genated to convert it from an oil (I.V. about 110) to a solid fat (1.V. about 65). 


*The changing ratio seen with these three fats under our experimental conditions may be 
due to the fact that a metabolic equilibrium has not been reached in 3 weeks. 
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It may be of physiological significance that in the case of corn oil, sunflower 
seed, and olive oils the ratio of total cholesterol to total lipids is the same 
(about 0.19) as in normal liver lipids over the whole range studied (i.e. at all 
doses of choline), whereas this is not true of the other fats except when the 
liver lipids are maintained in the normal range by adequate amounts of choline. 
For example, the ratios obtained with butterfat at total hepatic lipid values 
of 5, 10, 20, and 30% were about 0.20, 0.13, 0.11, 0.12, respectively. 

Diller, Woods, and Harvey (16) hydrogenated corn oil (and also safflower 
seed oil) and compared the oil with its hydrogenated product and with mix- 
tures of the two; they concluded that in the absence of dietary cholesterol 
the degree of unsaturation of the dietary lipid affects neither hepatic nor plasma 
cholesterol. Alfin-Slater, Aftergood, Wells, and Deuel (1) suggested that the 
increased hepatic cholesterol found in rats fed a fat-free diet was due to lack 
of essential fatty acids. Much higher values were found in our studies in 
rats fed the oils rich in essential fatty acids than in those given the fat-free diets 
or fats poor in essential fatty acids. The difference in the findings in the two 
laboratories may be related in part to the differences in duration of the experi- 
ments (3 weeks vs. 20 weeks), in part to the different basal diets, and possibly 
in part to the different methods of analysis. The method of Thompson, 
Ganguly, and Kon (27) is appropriate for the extraction of vitamin A (for 
which it was devised) but may be less suitable for the quantitative determina- 
tion of total hepatic lipids. 

The findings summarized in Fig. 4 need little comment. It has been ob- 
served before, in rats, (10, 17, 23) that diets low in choline produce serum 
cholesterol levels below the normal range. The decrease occurred with all 
fats studied and did not appear to be affected significantly by the nature of the 
fat. It is interesting to note that in the rat, under our dietary conditions, 
sunflower seed soil and butterfat gave almost exactly the same amounts of 
cholesterol in the serum. Recently, Olson et al. (21) have concluded from a 
comparison of lard, butter, and corn oil that the nature and amount of fat in 
the diet of rats does not influence this fall in serum cholesterol. Our results 
with these and six other fats confirm this conclusion. The deduction should 
not be drawn from these findings, however, that diets low in choline should be 
recommended to reduce the concentration of cholesterol in blood plasma. The 
decrease appears to be produced in this situation at the expense of damage to 
the liver. 

The presence in the diet of a small amount of choline, insufficient to prevent 
an excessive accumulation of lipids in the liver, minimized the decrease in 
serum cholesterol level in every case. Higher doses of choline (0.36%), which 
kept the liver lipids within the normal range, caused a further slight increase 
in most cases. The values never went beyond the upper limits observed in 
normal rats on stock diets. 


Our failure to observe any striking difference in the total cholesterol of blood 
serum of rats fed different fats confirms an earlier report of this by Bose and 
Subrahmanyan (9). Further experiments will be necessary to determine 
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whether rats differ markedly from man and other species in their response to 
different dietary fats, or whether some factor present in, or absent from, the 


diets fed here accounts for the difference between our findings and many re- 
ported in the literature. 
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UNE NOUVELLE METHODE DE DOSAGE DE TRES 
PETITES QUANTITES DE MORPHINE! 


Guy NADEAU ET GEORGE SOBOLEWSKI 


Sommaire 


Une nouvelle méthode de dosage de quantités de morphine variant entre 0.02 
et 100 ug. est décrite. Elle repose sur la fluorescence produite par action sur 
l’alcaloide de l’acide sulfurique concentré suivi de l’ammoniaque. Outre sa 
sensibilité et sa spécificité remarquables, la méthode semble d’application trés 
générale. Elle permet, par exemple, d’apprécier la teneur en morphine de 
l’opium, en présence de ses autres constituants sans séparation préalable. 


Introduction 


L’étude adéquate du métabolisme de la morphine s’est toujours heurtée 
au manque d’une méthode de dosage suffisamment sensible, de sorte que les 
doses utilisées en pharmacologie expérimentale sont généralement trés élevées. 
En effet, la limite de sensibilité des méthodes colorimétriques est de |’ordre 
de trois microgrammes. Une telle quantité, retrouvée dans les humeurs, 
peut correspondre a l|’administration de doses énormes. 

C’est principalement dans ce but que nous avons développé une méthode 
nouvelle de dosage de la morphine, méthode fluorimétrique qui s’appuie sur 
l’action de l’acide sulfurique concentré suivi de l’ammoniaque. Fulton (1) 
avait déja rapporté cette réaction comme pouvant servir a l’analyse qualitative 
de la morphine. 

En outre d’étre spécifique et trés sensible, la méthode que nous proposons 
ici est d’application trés générale, comme en font foi les quelques expériences 
rapportées plus loin. 


Généralités 


Quand on fait réagir l’acide sulfurique concentré sur la morphine a |’état 
sec, pendant quelques minutes vers 50° C., et qu’ensuite on ajoute de l’eau 
suivie d’une solution d’ammoniaque concentrée du commerce jusqu’a alcalinité, 
on voit apparaitre, assez lentement d’ailleurs, une fluorescence bleue: Cette 
fluorescence est due a la formation d’un mélange d’au moins trois produits 
principaux, tous fluorescents en bleu. On peut les mettre en évidence par 
chromatographie ascendante sur papier au moyen d’un solvant de type 
isobutanol: acide acétique: eau. La fluorescence de l’un de ces produits est 
excitée par la raie du mercure située 4 2537 A, tandis que les deux autres sont 
excités par la raie 4 3660 A (observation non publiée). 

La majeure partie de la fluorescence est facilement extractible du milieu 
réactionel par l’isobutanol. L’extraction alcoolique donne lieu a une aug- 
mentation appréciable de |’intensité de fluorescence, dont le maximum se 
situe 4 420 mu. Le spectre, illustré dans la figure 1, a été obtenu au moyen 
d’un spectrophotométre Beckman, modéle B, transformé par nous en spectro- 
fluorimétre (2). 

1Manuscrit regu le 14 février 1958. 


Contribution du Laboratoire de Biochimie, Hépital Saint-Michel Archange, Québec 5, 
Qué. Travail réalisé grace 4 un octroi des autorités gouvernementales. 


Can. J. Biochem. Physiol. 36 (1958) 
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Fic. 1. Spectres de fluorescence dans l’isobutanol du produit de la réaction de la 
morphine et de I’héroine (lumiére excitatrice; raie du mercure 4 365 my). 


Méthode 

Réactifs 

1. Acide sulfurique concentré, c.p. 

2. Ammoniaque concentrée, du commerce, c.p. 

3. Isobutanol (Fisher ‘‘Reagent’’ ou Merck, ‘‘for fluorimetric analysis’) 
redistillé dans un appareil en verre servant exclusivement a cet usage. 

4. Morphine, sous forme de chlorhydrate (Merck). Toutes les quantités 
rapportées par la suite se rapportent donc au poids de chlorhydrate, et non a 
celui de la base libre. 


Appareils 

Le fluorimétre employé consistait en un accessoire fabriqué sur place, 
utilisant le circuit électronique du spectrophotométre Beckman, modéle B, 
et dont la description est en instance de publication (3). Les filtres utilisés 
furent les suivants: 

Filtre primaire.—Corning 7-83 (combinaison des filtres 7380 et 5860) 
isolant la raie 365 my du mercure. 

Filtre secondaire.—Corning 3-73 (3389) doublé d’un filtre bleu de type 
Corning 5-60 (5543) pour masquer la fluorescence du filtre 3-73. Cet 
assemblage donne un maximum de transmission vers 430 my avec une trans- 
mission pratiquement nulle en bas de 400 mu. 
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Procédure 


Toute la procédure, qui prend environ deux heures et demie, peut se faire 
dans le méme tube. Nous avons trouvé convenable d’utiliser 4 cette fin 
des tubes a centrifuger de 50 ml. 4 fond rond avec bouchons rodés (Corning 
98660). 

On évapore a sec sous vide la solution contenant la morphine. Les derniéres 
traces d’humidité, particuliérement celles dues 4 la condensation au moment 
de l’admission d’air dans le systéme d’évaporation, peuvent étre éliminées 
dans un dessiccateur dont on fait trois fois le vide. L’air admis dans le dessic- 
cateur est asséché a travers une colonne de Drierite. On reprend le résidu par 
0.5 ml. d’acide sulfurique concentré... On porte au bain-marie 4 50° C. pour 
8 minutes, puis on ajoute 5.0 ml. d’eau distillée et 6.0 ml. d’ammoniaque 
concentrée. On laisse 4 50° C. pendant 2 heures, puis on refroidit. On ajoute 
10.0 ml. d’isobutanol et on extrait par agitation pendant 4 minutes. On 
préléve un échantillon de la phase alcoolique (6.0 ml., dans notre cas) pour 
lecture au fluorimétre. Si l’aspect est trouble, on peut corriger par une 
courte centrifugation. Une solution de quantité connue de morphine et un 
blanc des réactifs suivent toute la procédure. 


Résultats 


A partir de chlorhydrate de morphine pur, on obtient des lectures de 
fluorescence qui sont proportionnelles a4 la quantité de l’alcaloide présent pour 
des valeurs variant entre 0.02 et 20 wg. environ. La figure 2 illustre les 
courbes d’étallonnage obtenues a des sensibilités différentes du fluorimétre, 
de fagon a couvrir le vaste intervalle de linéarité. Les valeurs ont été corrigées 
pour le blanc des réactifs dans les graphiques. Les différences de pentes 
observées dans le graphique ne doivent pas étre interprétées comme une 
mesure de la précision de la méthode. Elles ne résultent que de conditions 
différentes de procédure pour chaque intervalle étudié (ouverture de la fente 
du fluorimétre, valeur arbitraire de la solution de référence et sensibilité 
employée pour la photomultiplicatrice). En contrélant ces trois variables, 
on pourrait superposer les trois droites. 

Bien que la relation entre |’intensité de fluorescence et la quantité d’alcaloide 
ne soit plus linéaire au-dela de 20 yg. (figure 3), A cause du phénoméne d’ex- 
tinction aux concentrations élevées, on pourrait, a la rigueur, utiliser la 
procédure, sans dilution subséquente, au moins jusqu’a 100 yug., sans introduire 
une grande erreur. 


La précision de la méthode.—Celle-ci est limitée principalement par l’erreur 
d’appréciation du fluorimétre. L’appareil que nous avons utilisé donne un 
coefficient de variation de 3% (calculé sur une base de 40 déterminations 
d’une méme solution de sulfate de quinine). Le coefficient de variation 
obtenu pour huit déterminations paralléles d’échantillons contenant 0.1 yg. 
de morphine chacun est de 10% pour une seule lecture, valeur qui tombe a 
8% pour trois lectures successives du méme échantillon. 
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Fic. 2. Courbes de calibration de diverses quantités de morphine variant de 0 a 10 yg. 
Les unités de l’abscisse sont des microgrammes pour la courbe A, des dixiémes de micro- 
grammes pour la courbe B et des cinquantiémes de microgrammes pour la courbe C. 
Les valeurs ont été corrigées pour le blanc des réactifs comme |’indiquent les droites 
passant par I ’origine. 
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La spécificité—La méme procédure appliquée aux principaux alcaloides 
de l’opium (codéine, thébaine, narcotine et papavérine) donne des fluorescences 
négligeables. Ceci permet de doser directement la morphine dans l’opium 
ou ses extraits (voir plus loin). Parmi les dérivés synthétiques de la morphine, 
’héroine (diacétyl-morphine) donne une fluorescence bleue dont |’intensité 
(mesurée dans les mémes conditions) est de 35% de celle d’une méme quantité 
de morphine. II est a noter que la similarité des spectres (figure 1) élimine 
toute possibilité d’un dosage simultané par fluorimétrie différentielle. Quant 
a la mépéridine (Démérol), sa fluorescence est négligeable. 


Facteurs influencant la procédure 


Présence d’eau.—L’acide sulfurique dilué donne une réaction incompléte 
et, conséquemment, une fluorescence moindre. Pour obtenir une bonne 
reproduction, il faut veiller 4 ce que l’acide sulfurique employé n’ait pas 
accaparé d’humidité, et a ce que les tubes utilisés pour la procédure soient 
parfaitement asséchés. Aprés évaporation d’une solution aqueuse de mor- 
phine, le tube reste toujours humide, 4 cause de la condensation provoquée 
au moment de l’admission de l’air. Dans ces conditions, la reproduction est 
invariablement moins bonne. L’asséchage décrit antérieurement dans la 
procédure devient donc nécessaire. 

Température de réaction.—Une température de 50° C. nous a paru la plus 
avantageuse. Une température inférieure prolonge inutilement la durée de 
la réaction alors qu’é des températures plus élevées, la tension de vapeur de 
l’ammoniaque devient trop grande. 

Durée de la réaction.—L’influence de la durée de chauffage sur |’intensité 
de fluorescence obtenue est résumée dans la figure 4. On y voit que la fluo- 
rescence maximum est atteinte en quelque 3 heures. Cependant, entre 2 et 
3 heures, l’augmentation de fluorescence étant trés faible, nous avons adopté 
une durée de chauffage de 2 heures. A ce temps, la reproduction est déja 
trés bonne. 
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Fic. 4. Variation de l’intensité de fluorescence en fonction du temps de réaction en 
milieu ammoniacal. 
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Stabilité de l’extrait avec le temps.—La fluorescence de I’extrait alcoolique 
accuse une légére augmentation avec le temps. Cette variation est reproduite 
dans la figure 5. Elle est de l’ordre de quelque 2% par heure. Cet effet peut 
étre négligé si les lectures sont faites dans un intervalle de temps n’excédant 
pas une heure. 

Stabilité de l'extrait avec la température—I| est connu que I’intensité de 
fluorescence d’une solution dépend de sa température. Une série d’expériences 
(tableau I) ont montré que cette variation est tout a fait négligeable pour des 
températures variant entre 20° et 30° C. 
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Fic. 5. Stabilité de la fluorescence de l’extrait alcoolique obtenu a partir de la 
morphine. 


TABLEAU I 








Température, Fluorescence* 
Es (unités arbitraires) 





20° 63.1 
25° 63.4 
30° 63.8 





* Valeurs moyennes pour quatre lectures. 


Précautions additionnelles—La propreté de la verrerie est essentielle au bon 
succés du dosage. La verrerie, aprés lavage au mélange sulfo-chromique, 
doit étre réservée 4 cet usage. II suffit, par la suite, aprés chaque série de 
déterminations, de la nettoyer avec un bon détergent et de la rincer plusieurs 
fois avec de l’eau distillée. On prendra évidemment soin d’éviter tout contact 
de graisses ou lubrifiants de laboratoire qui sont tous trés fluorescents. 
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) Applications de la méthode 


La méthode parait trés générale. A part ses applications aux dosages des 
: liquides biologiques dont les résultats seront publiés séparément, nous avons 
C réussi 4 doser avec succés la morphine dans un échantillon d’opium naturel en 
présence des autres constituants, et sur des éluats obtenus aprés séparation 
chromatographique sur papier, suivant une méthode décrite par l’un de 
nous (4). 

Dosage de la morphine dans l’opium.—On tritura 0.5 g. d’opium avec 5 ml. 
d’un mélange a parties égales d’acide acétique glacial et d’eau, puis on centri- 
fugea le tout. Un millilitre du liquide surnageant fut dilué a 10 ml. avec de 
l’acide acétique, puis 1.0 ml. de cette solution fut porté a un litre avec de 
eau distillée. De cette derniére solution, un volume de 0.5 ml. fut évaporé 
a sec et traité suivant la procédure décrite précédemment. 

Dosage de la morphine dans des éluats—Le chromatogramme développé 
au moyen d’un mélange isobutanol: acide acétique: eau (4) fut révélé par 
vaporisation avec une solution d’iodoplatinate de potassium. Cet indicateur 
qui permet la révélation de quantités de morphine d’au moins 5 yg., ne géne 
pas la procédure dans ces conditions. Pour des quantités plus faibles, on 
note une légére augmentation du blanc. II est préférable, dans ce cas, d’ac- 
compagner |’échantillon inconnu d’une solution de morphine de référence au 
cours de la chromatographie et d’utiliser ce témoin pour situer la position 
de l’inconnu. La zone occupée par la morphine fut découpée, fragmentée en 
petits morceaux et éluée trois fois avec 10 ml. d’acide chlorhydrique N/10. 
Les éluats combinés furent évaporés a sec et soumis 4 la procédure décrite 
plus haut. Le blanc consistait en un spécimen du chromatogramme de méme 
surface prélevé au méme Ry que I’inconnu, et soumis a un traitement iden- 
tique. 
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Summary 


A new method for the estimation of amounts of morphine varying from 
0.02 to 100 yg. is described. It is based on the fluorescence obtained when 
the alkaloid is allowed to react with concentrated sulphuric acid followed 
by ammonium hydroxide. Apart from being very sensitive and specific, the 
procedure appears to have wide applications. For instance, it allows the 
hon estimation of morphine in opium in the presence of other constituents without 
prior separation. 
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RIBONUCLEASE ACTIVITY OF FISH MUSCLE EXTRACTS! 


NEIL TOMLINSON 


Abstract 


A ribonuclease was partially purified from muscle of lingcod (Ophiodon 
elongatus). The preparation degraded yeast and lingcod ribonucleic acid. 
Four 3’-mononucleotides were identified as digestion products. The enzyme 
was readily destroyed by heat and acid (10 minutes at 58° C., pH 2.5), and was 
inhibited strongly by Zn*+*, Cut+*, monoiodoacetate, formaldehyde, and NaF. 
Its pH optimum was 6.5. Ribonuclease activity was also demonstrated in 
muscle extracts from spring salmon, lemon sole, dogfish, sculpin, herring, and 
swordfish. The muscle extracts of all fish examined possessed phosphodiesterase 
activity. The ribonuclease in lingcod extract could be separated from two 
phosphodiesterases also present by zone electrophoresis. 


Introduction 


The work of Tarr (1) indicated the presence in lingcod (Ophiodon elongatus) 
and rock cod (Sebastodes sp.) muscle of enzymes capable of degrading yeast 
ribonucleic acid (RNA), ribonucleotides, and ribonucleosides with the release 
of free ribose. Since then he has made a detailed study of several of these 
enzymes, in particular those concerned with the metabolism of nucleosides 
(2,3). While these studies have elucidated certain of the later enzymic steps 
in the breakdown of RNA in fish muscle, details of the earlier steps, leading 
presumably to the formation of nucleosides, have remained obscure. The 
present work was undertaken with the object of investigating fish muscle 
extracts for ribonuclease activity. 


Materials and Methods 


Fish from which extracts were to be prepared were obtained fresh. The 
fish were either used at once, or were frozen until used. Experience has 
shown that fish may be held frozen for months and still yield enzymatically 
active extracts. 


Protein was measured by the method of Snow (4) or by the method of 
Lowry et al. (5). 

Orthophosphate was measured by the method of Lowry and Lopez (6) as 
modified by Bruemmer and O’Dell (7). Total phosphorus was determined 
by the method of King (8). 

Yeast RNA (Schwarz Laboratories) for use as substrate was purified by 
precipitation with alcohol from cold aqueous solution at pH 4.3, and finally 
obtained as the sodium salt (8.1% phosphorus) by precipitation from cold, 
neutral solution (9). 

All absorption measurements were made with a Beckman model DU 
spectrophotometer, 1 cm. cells being used throughout. Ribonuclease (RNase) 
activity was measured by a modification of the spectrophotometric method 
of McDonald (10). One unit of RNase activity was defined as that activity 


1Manuscript received March 19, 1958. 
snore from Fisheries Research Board of Canada, Technological Station, Vancouver, 


Can. J. Biochem, Physiol, 36 (1958) 
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which, in 30 minutes, released from RNA material soluble in a solution 
prepared as described below, sufficient to provide an optical density of 0.050 
as measured at a wavelength of 260 mu. A digestion mixture, consisting of 
0.5 ml. sodium succinate buffer, 0.1 M, pH 6.0, 0.5 ml. sodium ribonucleate 
solution (380 wg. P/ml.), and 1.0 ml. of enzyme solution, was incubated at 
25°C. Aliquots (0.5 ml.) of the mixture were removed immediately after 
the addition of the enzyme and after a 30-minute incubation period. These 
aliquots were at once added to an equal volume of MacFadyen’s uranyl 
acetate trichloroacetic acid (UTCA) reagent (11). After being kept 4 hour 
at room temperature, the mixtures were filtered and 0.4 ml. of the filtrates 
were diluted to 5 ml. with distilled water. The optical densities (logio Jo/J) 
of the resulting solutions were determined at 260 muy, the reference blank 
being 0.2 ml. of UTCA reagent diluted to 5 ml. with water. Digestion blanks 
with substrate or with enzyme omitted were employed. The units of activity 
in the digestion mixture (and hence in 1 ml. of enzyme extract) were deter- 
mined by reference to a standard curve—optical density vs. activity units— 
prepared from data obtained by measuring the activity of a series of dilutions 
of a single enzyme extract. The activity unit defined above is equivalent to 
the release of 4 ug. of phosphorus soluble in the UTCA reagent per milliliter of 
digestion mixture per half hour. It is thus approximately equal to the RNase 
activity unit of McDonald (10). In the measurement of RNase in extracts 
following electrophoresis on paper, because of the low activities to be meas- 
ured, longer incubation periods were necessary (6 to 9 hours), and results are 
reported simply as optical density of the UTCA solutions at 260 mu. 

Phosphodiesterase activity was measured with bis(p-nitrophenyl) phosphate 
as substrate. The digestion mixture consisted of sodium succinate buffer 
pH 6.0, 0.025 M, bis(p-nitrophenyl)phosphate (sodium salt) 0.0018 M, and 
enzyme. The incubation temperature was 25°C. Aliquots (0.33 ml.) of 
the reaction mixture were removed immediately after addition of the enzyme 
and after a suitable period of incubation (normally 2 hours). These were at 
once added to 3 ml. of 0.1 NW NaOH. The optical densities of the resulting 
solutions were measured at 400 my and the p-nitrophenol released determined 
by reference to a suitable calibration curve. Reaction blanks with enzyme 
omitted were used. 

Phosphomonoesterase activity was measured either by determination of 
orthophosphate (vide supra) released from RNA as substrate (reaction 
mixture deproteinized with an equal volume of ice-cold 10% TCA) or by 
measurement of p-nitrophenol released from disodium p-nitrophenyl phos- 
phate (Sigma Chemical) as substrate. The reaction mixture with the latter 
compound as substrate consisted of sodium succinate buffer, pH 4.5, 0.025 M, 
substrate, 0.018 M, and enzyme. The incubation temperature and time 
were 25° C. and 3} hour, respectively. Measurements were performed as for 
the phosphodiesterase determinations described above. 

When enzymic reactions were allowed to proceed for longer periods than 
a few hours, chlorotetracycline.HCl (5 p.p.m.) was added to the reaction 
mixture to prevent bacterial growth. At the end of the experiment these 
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reaction mixtures were examined microscopically for bacteria by means of 
direct smears, results being discarded if any evidence of bacterial growth 
was found. 

Electrophoresis of proteins was carried out using Whatman No. 3 paper 
at 1°C. and a field strength of 25 v./cm. for 3} hours. The apparatus used 
was manufactured by the E~C Apparatus Company, Swarthmore, Pa. The 
paper sheets were clamped in the apparatus between teflon sheets during the 
electrophoretic run. The use of field strengths lower than 25 v./cm. was 
found to be unsatisfactory, as the much longer time required resulted in poor 
separation due to diffusion. The buffer solution found most suitable, of 
several tried for this purpose, was sodium cacodylate, u 0.05, pH 7.0. Protein 
on papers was located, following electrophoresis, by staining with bromophenol 
blue by Kunkel and Tiselius’ modification (12) of the method of Durrum (13). 
The bound stain was estimated by the method of Kunkel and Tiselius (12). 
Segments 2 mm. wide were cut from the paper, eluted 30 minutes in 3 ml. of 
0.01 N NaOH, and the optical density of the eluates measured at 575 mu. 

For assay of enzymes separated by paper electrophoresis, segments cut 
from the papers without drying were added directly to suitable buffer—sub- 
strate solutions. Blanks in such assays consisted of paper segments cut from 
protein-free areas of the paper, then treated in the same manner as the enzyme- 
containing segments. 

Electrophoresis of nucleotides was conducted under conditions similar to 
those used in the electrophoresis of proteins, but with buffer solutions recom- 
mended by Crestfield and Allen (14). These were (1) ammonium formate, 
w 0.1, pH 3.5, (II) sodium phosphate, yw 0.1, pH 5.8, and (III) sodium phos- 
phate, w 0.1, pH 6.2. 

Paper chromatography of nucleotides was carried out on Whatman No. 1 
or No. 3 paper with the following solvent systems: (A) isobutyric acid — 0.5 
N ammonium hydroxide (10/6, v/v), pH 3.7 (15); (B) 0.1 M sodium phosphate 
pH 6.8 — ammonium sulphate — isopropanol (100/60/2, ml./g./ml.) (16); 
(C) 1 M ammonium acetate pH 9.0 — ethanol (30/70, v/v) saturated with 
sodium tetraborate (17). 

Nucleotides were located visually on paper with the aid of a Mineralight 
lamp. The nucleotides were estimated by elution in 4 ml. of 0.01 M HCl 
followed by measurement of the optical density of the eluates at the appro- 
priate wavelength in the ultraviolet region (18). Reference blanks were 
prepared from pieces of paper of the same sizes as those of the pieces containing 
the nucleotides, but cut from nucleotide-free portions of the paper at the 
same distances from the origin. 


Results 


An extract with RNase activity was prepared from lingcod as follows, all 
procedures being conducted at 5°C. or lower unless indicated otherwise. 
Muscle tissue was blended with twice its weight of demineralized water. 
The resulting suspension was adjusted to pH 6.2, and the insoluble material 











636 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 36, 1958 


removed by centrifuging the suspension 45 minutes at 2500 g. The super- 
natant solution was adjusted to pH 7.0 and solid ammonium sulphate was 
added to 80% saturation, the pH being maintained at 7.0 by the addition of 
5 N NaOH as needed. The solution was allowed to stand 30 minutes, after 
which the precipitated protein was removed by centrifugation as above. 
The supernatant solution was discarded and the precipitate was transferred 
to a dialysis bag with the aid of a few milliliters of distilled water and then 
dialyzed for 20 hours against several changes of distilled water. The contents 
of the dialysis bag were adjusted to pH 6.8 and centrifuged for 15 minutes at 
25,000 g. The precipitate was discarded and the supernatant solution con- 
centrated to a small volume by lyophilization. The pH of the concentrated 
extract was next adjusted to pH 4.5 (1 N HCl) and the solution held 1 hour 
at 25°C. Precipitated protein was removed and discarded, the pH of the 
solution was brought to 9.0 (1 N NaOH), and the solution held at 58° C. 
for 10 minutes. The precipitate was removed and discarded and the pH of 
the solution adjusted to 6.8. Extracts prepared in this manner have been 
held for several days at 1° C. or for months at —20° C. with very little loss in 
activity. Table | summarizes the results of such a procedure. 


TABLE I 


PARTIAL PURIFICATION OF RIBONUCLEASE FROM MUSCLE OF LINGCOD (Ophiodon elongatus) 














Ribonuclease Phosphodiesterase Phosphomonoesterase 
Extract Total Specific % Specific 0 Specific % 
following activity* activityt recovery activityt recovery activity$ recovery 
Clarification 2952 1.64 100 
(NHa4)2SOx precipitation, 
lyophilization, and 
isoelectric precipitation 1260 11.5 43 0.19 100 7.5 100 
10 min. at 58°, pH 9.0 638 7.0 22 0.14 62 0 0 





*Units from 800 g. lingcod muscle. 

tUnits/mg. protein N. 

tuM. p-nitrophenol released /2 hr./mg. protein N. 
§uM. p-nitrophenol released /hr./mg. protein N. 


Attempts to obtain fractionation of extracts by ammonium sulphate 
precipitation were unsuccessful, but precipitation at 80% saturation did 
provide some concentration of the RNase activity. Isoelectric precipitation 
at pH 4.5 effected a small increase in the specific activity of the extract and 
heating at pH 9.0 eliminated all traces of phosphomonoesterase activity with 
either RNA or p-nitrophenyl phosphate as substrates under the test condi- 
tions described above. The extract does, however, still contain a Zn-activated 
phosphomonoesterase at this stage. The RNase activity was found to be 
much more sensitive to heating at pH 2.5 or 3.5 than at pH 6.6 or 9.0. At 
these pH’s 99%, 85%, 21%, and 50%, respectively, of the total activity was 
destroyed in 10 minutes at 58° C. 

The partially purified extract has phosphodiesterase activity as measured 
with bis(p-nitrophenyl) phosphate as substrate (Table I). However, the data 
indicate that the RNase and phosphodiesterase activities are not due to the 
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same enzyme, as the losses in the two activities and also the changes in their 
specific activities during the pH 9.0 heating step are not equal. It should be 
noted that the loss in phosphodiesterase activity indicated is a maximum, 
as a portion of the loss must be attributed to the removal of the phospho- 
monoesterase which, when present, increases the apparent activity of the 
phosphodiesterase under the test conditions. 

An extract, freed from phosphomonoesterase activity as described above, 
was subjected to electrophoresis on paper with the results recorded in Fig. 1. 
The position of the RNase activity did not correspond to the position of the 
two major phosphodiesterase activities, and the position of none of these 
three activities corresponded exactly with either of the two major protein 
peaks. A portion of each phosphodiesterase-containing area was obtained 
free from RNase activity, consequently it appears that neither of the diester- 
ases can degrade RNA. On the other hand, the RNase may have low activity 
against bis(p-nitrophenyl)phosphate, as eluting the peak of the RNase 
activity (1 cm. segment) from the paper and subjecting it to electrophoresis 
once more did not greatly reduce the phosphodiesterase activity found at 
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Fic. 1. Electrophoresis of lingcod muscle extract on paper; 9.6 mg. protein N 
applied/cm. length of starting line. Total protein N in strip for protein-bound dye 
determination, 14 ywg., for phosphodiesterase, 115 yg., and for ribonuclease, 48 mug. 
p-Nitrophenol released by phosphodiesterase control, 0.0825 uM. Increase in O.D. 
at 260 my by RNase control, 0.533. 
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the position of the RNase peak. However, the phosphodiesterase activity 
found in this position is of such a low order of magnitude that the accuracy 
of the measurement is perhaps open to question. 

Attempts to chromatograph an enzyme extract on celite by the method 
of Martin and Porter (19) and on XE-64 resin by the method of Hirs et al. 
(20) were unsuccessful. Failure with the first method may have been due to 
the low specific activity of the enzyme solution together with inhibition of 
the enzymes by the eluting solution. Failure with the second method was 
due to irreversible binding of protein to the resin at the low pH necessary to 
obtain uptake (21). 

The influence of pH on the RNase and phosphodiesterase activities of the 
preparation was investigated, and each was found to exhibit a maximum 
activity near pH 6.5 (Fig. 2). Only one activity peak was found in the curve 
for phosphodiesterase, although two enzymes were present. 


2) 


RIBONUCLEASE (Units) 
PHOSPHODIESTERASE (pM p-nitrophenol x 10 














Fic. 2. Influence of pH on the RNase and phosphodiesterase activity of lingcod 
muscle extract. 
RNase ~————. Phosphodiesterase — ——. Buffers (0.025 M): glycine.HCl 
O——-O, sodium acetate 0 O, sodium cacodylate @ @, sodium diethyl- 
barbiturate §+——1, sodium borate X xX. The pH’s indicated are those of the 
complete reaction mixture. 











The effect of a number of possible inhibitors or activators on the RNuse 
and phosphodiesterase activities were examined; 0.05 M NaCl, 0.005 M 
NaeSQ,, 0.0005 M NaF, 0.005 MW MgSQO,, and 0.005 M CaCl: had little or no 
effect on either activity; 0.005 M ZnSOx,, 0.005 M CuSO,, 0.005 M NaF, and 
0.1 M NaF inhibited both activities; RNase to the extent of 59, 93, 33, and 
89% respectively, and phosphodiesterase to the extent of 69, 93, 21, and 
98%. Disodium ethylenediamine tetraacetate (EDTA), 0.025 M, inhibited 
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RNase to the extent of 23% but was without effect on phosphodiesterase. 
At the same concentration EDTA reversed the inhibitory effect of 0.005 M 
ZnSO, on both activities. Formaldehyde, 0.5%, inhibited RNase 88% and 
phosphodiesterase 21%. Sodium iodoacetate at 0.01, 0.005, and 0.0005 M 
concentrations inhibited RNase 98, 91, and 55%, respectively, whereas no 
inhibition of phosphodiesterase was detected at these concentrations. In 
the foregoing, the enzyme extract was incubated in buffered solution with 
the compound being tested for 15 minutes before the substrate was added. 

Fig. 3 shows the course of breakdown of RNA by a lingcod muscle extract 
without phosphomonoesterase activity removed. The increase in ultraviolet 
light-absorbing materials soluble in UTCA reagent paralleled very closely the 
increase in soluble phosphorus, and practically the whole (99%) of the RNA 
phosphorus was rendered soluble in the UTCA reagent. The course of break- 
down of RNA by an extract freed from phosphomonoesterase activity was 
also examined, and apart from the fact that no orthophosphate appeared, 
was found to be similar, although the rate of digestion decreased somewhat 
more rapidly, presumably owing to the accumulation of products of the 
reaction in the absence of phosphomonoesterase action (10). 
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Fic. 3. Digestion of yeast RNA by lingcod muscle extract. Increase in UTCA- 
soluble P, O ©; orthophosphate, @ e@; UTCA-soluble, ultraviolet-absorbing 
material, g———1. Total RNA P insoluble in UTCA at start, 52.5 yg. 








The ability of these extracts to degrade RNA prepared from lingcod muscle 
by the method of Volkin and Carter (9, 22) was investigated. This material 
was degraded, but at a rate only about 15 to 20% of that observed with the 
yeast RNA preparation. As a matter of interest, the rates of digestion of 
these two substrates by crystalline pancreatic ribonuclease (Nutritional 
Biochemicals) was also determined. Again, the yeast preparation was the 
more rapidly digested of the two. 
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The final products of the breakdown of RNA by the phosphomonoesterase- 
free extract were investigated by incubating RNA with the extract for 48 
hours, then separating the products of the reaction by ionophoresis in buffer 
I. From their migration on ionophoresis, and from their ultraviolet absorp- 
tion spectra in neutral, acid, and alkaline solution (23), adenylic, cytidylic, 
guanylic, and uridylic acids were tentatively identified as products of the 
reaction. By chromatography in solvent C, the possibility that any of the 
four were 5’ isomers was eliminated. The four 5’ mononucleotides have R; 
values of 0.02 or less in this solvent, while the 2’ and 3’ isomers of adenylic, 
cytidylic, guanylic, and uridylic acids have R; values of 0.1, 0.11, 0.065, and 
0.13, respectively. The four mononucleotides from the digestion mixture 
behaved as did known mixtures of the 2’ and 3’ isomers in this solvent system. 
Adenylic and guanylic acids from the reaction mixture were finally identified 
as the 3’ isomers by co-chromatography on paper with known compounds 
in solvent B. Cytidylic and uridylic acids were identified as the 3’ isomers 
by ionophoresis. Buffer III was used with cytidylic acid, and buffer II with 
uridylic acid. These buffers may be used to distinguish between the three 
isomers of these nucleotides. Under the conditions described above, in 3 
hours and 50 minutes in buffer III, the 5’-, 2’-, and 3’-monophosphates of 
cytidine migrated 21, 22.5, and 23.7 cm., respectively, and in the same time 
in buffer II, the 5’-, 2’-, and 3’-monophosphates of uridine migrated 19.5, 
22, and 23 cm. Examination of the reaction mixture by two-dimensional 
paper chromatography with solvent A as the first, and solvent B as the 
second solvent, revealed four ultraviolet-absorbing spots corresponding to 
the positions of the four mononucleotides identified above, and a small amount 
of ultraviolet-absorbing material that streaked a short distance in solvent A, 
but that did not move appreciably in solvent B. Spectrophotometric esti- 
mation of the mononucleotides separated from the reaction mixture by 
ionophoresis resulted in 83% of the RNA phosphorus added to the reaction 
mixture being accounted for in the four mononucleotides. (RNA phosphorus 
added 3.92 uM. Recovered in adenylic acid 0.85 uM., cytidylic acid 0.61 
MM., guanylic acid 1.08 wM., and uridylic acid 0.71 uM.) The possibility 
that small amounts of other mononucleotides may have been formed cannot 
be ruled out, but none were detected by the methods used. A similar pro- 
cedure to the above was carried out, but with an enzyme solution purified 
by electrophoresis on paper as described above, elution and concentration by 
lyophilization, then electrophoresis on paper once more, followed again by 
elution and concentration. All four 3’-mononucleotides were again identified 
from the digestion mixture, but only 25% of the RNA phosphorus was ac- 
counted for by these compounds. Examination by two-dimensional paper 
chromatography, as described above, revealed the presence of the four mono- 
nucleotides together with a relatively large amount of material streaked a 
short distance from the origin in solvent A, but not moving appreciably in 
solvent B. Thus the enzyme purified by repeated electrophoresis releases 
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all four 3’-mononucleotides from RNA, but the extent to which it can degrade 
RNA is not clear, for sufficient purified enzyme has not yet been available to 
carry out what could be considered an exhaustive digestion of the substrate. 
The electrophoretic method of purification of the enzyme was laborious and 
yielded only very small amounts of the purified material. Further exam- 
ination of the initial stages of the breakdown of RNA by this enzyme must 
await the development of a purification method that will provide a much 
higher yield. 

Extracts were prepared from muscle of red spring salmon (Oncorhynchus 
tshawytscha), lemon sole (Parophrys vetulus), dogfish (Squalus suckleyi), 
sculpin (Cabezon—Leptocottus armatus), herring (Clupea pallasii), and sword- 
fish (Xiphias gladius). These extracts, after treatment by the ammonium 
sulphate precipitation, dialysis, and lyophilization steps of the purification 
procedure, were examined for ability to degrade RNA and bis(p-nitrophenyl)- 
phosphate. Each extract contained enzymes capable of attacking both 
substrates. It thus appears probable that such enzymes are widely distrib- 
uted in muscles of marine fish. 


Discussion 


The quantities of RNase activity found in the fish muscle extracts, although 
on a fresh weight basis very much less than those reported in beef pancreas 
extracts (24), and in calf spleen and liver extracts (25), would be sufficient 
under suitable conditions to bring about rapid decomposition of the quantities 
of ribonucleic acid found in fish muscle (22). The enzyme could play a 
significant part in the post mortem formation of free ribose in fish muscle, 
as suggested by Tarr (26). 

A comparison of the lingcod RNase activity with RNases from other sources 
is interesting, and emphasizes the rather wide variety of enzymes now known 
that degrade RNA. 

In its lability to heat at an acid pH, lingcod muscle RNase resembles certain 
RNases from calf pancreas, spleen, and thymus (27, 28, 29), and the acid 
RNase from rat liver (30), but differs markedly from other RNases (30, 31, 
32, 33, 34) in this respect. 

The inhibitory effects of ZnSO,y, CuSO,, monoiodoacetate, and formaldehyde 
on lingcod RNase are similar to the effects of these compounds on pancreatic 
RNase reported by Zittle (35, 36), but the lingcod RNase is inhibited strongly 
by high concentrations of NaF that are without effect on pancreatic RNase 
(37). Also, the sensitivity of the lingcod enzyme to iodoacetate and NaF is 
in sharp contrast to the insensitivity of RNase T; from Takadiastase to these 
compounds (33, 34). 

In view of the partial purification procedure that has been used in the pres- 
ent work, it appears unlikely that the lingcod RNase activity is due to the 
action of a group of enzymes similar to those from pancreas (29). In addition, 
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the fact that the lingcod RNase cannot be chromatographed on XE-64 resin 
further distinguishes it from pancreatic RNase (20, 38), and also certain 
spleen and liver RNases (32). 

The release of all four 3’-mononucleotides from RNA by the enzyme purified 
by repeated electrophoresis indicates that its action is different from those of 
the RNases from rye grass (39) and Asterococcus mycoides (40) and the 
phosphodiesterase from snake venom (41), each of which releases nucleoside 
5’-phosphates, the RNase from pea leaves that releases cyclic nucleotides (42), 
and the RNases from calf spleen and liver that release pyrimidine mononucle- 
otides only (32). However, the products indicate its action may be similar 
to that of Hilmoe and Heppel’s spleen nuclease fraction III (28, 43, 44) which 
it resembles also in pH optimum, apparent lack of activation by metallic ions, 
and sensitivity to heat. 
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